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HISTORY OF THE SURVEY 

By N. L. Brittox 

Chair.ma.v of thk Committee 

In the latter part of the year 1913, subsequent to a discussion in the 
Council of the Academy relative to proposed* extensions of the Acad- 
emy^s ordinary activities, a proposition for a scientific survey of Porto 
Bico was approved and referred to a committee consisting of Professors 
Boas, Britton, Crampton, Kemp and Poor, at the meeting of the Council 
in November of that year, at which meeting the Council appropriated 
$500 annually for five years for the purposes of this investigation. Dr. 
E. 0. Hovey and Dr. E. W. Tower, Recording Secretaries of the Acad- 
emy, have acted with the Committee. Professor Charles P. Berkey suc- 
ceeded Professor Kemp as a member of the Committee in 191 T. Mr. 
Emerson McMillin, at that time President of the Academv, kindlv offered 
to assist the work, and has contributed $3,000. The Porto Eico Govern- 
ment was also interested in the investigation, and has since made two 
appropriations of $5,000 for prosecuting the work. The cooperation of 
The American Museum of Xatural History, The New York Botanical 
Garden, scientific departments of Cohimbia University and other institu- 
tions was secured, and both field-work and the study of the collections 
made has progressed almost continuously. The cooperating institutions 
already had some collections from Porto Eico. The two agricultural ex- 
[)eriment stations of Porto Eico, one at Mayaguez and one at Eio Piedras, 
have also aided the investigation. A number of preliminary papers deal- 
ing with special phases of the work have been published. The publica- 
tion of the final reports of the survey is herewith commenced and will be 
continued in the following sequence: geology, paleontology, botany, 
zoology and anthropology. 

Professor Crampton proceeded to Porto Eico at the end of 1913 and 
carried out a zoological reconnaissance, traveling over a large part of the 
island, and discussed the plan with officials of the Insular Government. 
He subsequently published an account of Porto Eico.^ 

In January, February and March, 1914, Dr. J. A. Shafer prosecuted 
botanical exploration on the island Vieques, one of the small islands 

* Am. MuR. Jour., XVI, pp. 59-70. 
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politically a part of Porto Rico, and made the first representtitive col- 
lection of plants obtained on that island.^ 

During February and part of March, 1914, Dr. Britton, accompanieil 
by Mrs. Britton, Mr. John F. Cowell and Dr. Frank E. Lutz, made bo- 
tanical and entomological collections in the northern and wcistern parts 
of Porto Kico and in the small islands Desecheo and Mona, which yielded 
several thousand si)ecimen8 and much information. Dr. Britton con- 
tributed to the twenty-fifth anniversary celebration of the Missouri 
Botanical Garden a paper on The Vegetation of Mona Island.* 

In the summer and autumn of 1914, zoological collections were made 
over considerable portions of the island by Messrs. Roy W. Miner in 
marine invertebrates and myriopods, John T. Nichols in fishes, and 
Frank E. Watson and H. G. Barber in insects and arachnoids. Many 
thousand sj>ecimens were obtained and important additions were made 
to the knowledge of these groups of animals. The spiders of this col- 
lection, taken w^ith those previously obtained by Professor Crampton and 
Dr. Lutz, yielded important information, which was utilized by Dr. Lutz 
in his List of Greater Antillean Spiders, with Xotes on Their Distribu- 
tion.* Xichols has published some of the results of his work under the 
title Fishes Xew to Porto Rico.'* 

The geological investigation was commenced by Dr. Charles P. Berkey 
and Dr. Clarence X. Fenner, who spent parts of August and Septem- 
ber. 1914, in a reconnaissance and laid a substantial foundation for sub- 
sequent studies. Professor Berkey has published an illustrated account 
of this reconnaissance under the title Geological Reconnaissance of Porto 
Rico.^ 

In July and August, 1914, Dr. J. A. Shafer devoted about six weeks 
to the study of the forests of the Sierra de Xaguabo, and added a num- 
ber of species of plants to the known flora of Porto Rico.^ 

tinder the auspices of the New York Botanical Garden, Professor X. 
Wille, Director of the Botanical Garden at Christiania, Norway, spent 
the period from the latter part of December, 1914, until the end of 
March, 1915, in collecting and studying the fresh-water and aerial alga* 
over considerable areas of the island. He obtained many thousand s])eci- 
mens of these organisms, which proved to be more abundant there than 

2 Jour. X. Y. Bot. Gard., XIV, pp. 103-10o. 

'»Anii. Mo. Bot. Gard., II, pp. 33-58, IMr. I. II. (Contributions from N. Y. Bot. Onrd., 
No. 17r>. ) 

*Ann. X. Y. Acad. Scl.. XXVI. pp. 71-148. 

''Bull. Am. Mus. Nat. Hist., XXXIV, pp. 141-146. 

•Ann. X. Y. Aaid. 8cl.. XXVI, pp. 1-70. (Contributions from Dopt. of Coolojry. Co- 
lumbia Inlv.. Vol. XXV. Xo. 20. > 

".Tour. X. Y. Bot. <Jnrd.. XVI. pp. 33-;;,'. 
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had hitherto been supposed. This collection has not yet been critically 
studied, but Professor Wille is confident tliat it contains some unde- 
scribed genera and numerous undescribed species. Since his return to 
Norway, subsequent to the expedition. Professor Wille has been much 
occupied with administrative duties, but it is hoped that he will yet find 
time to enumerate and describe the elements of this rich collection, the 
first comprehensive one tliat has been made of these minute algse within 
the American tropics. He lias published a narrative report of his field- 
work.^ 

The greater portions of the months of February and March, 1915, were 
spent by Dr. Britton, Mrs. Britton, Mr. John F. Cowell and Mr. Stew- 
ardson Brown in continuing botanical exploration, especially in western 
and southwestern portions of Porto Rico, including a study of the coasts 
from Mayagiiez soutli to Morrillos de (>abo Rojo and westward to Ponce 
and Cayo ^luertos. Large collections were obtained, which added much 
to the knowledge of the geographical distribution of the flora, and a 
series of rock specimens were collected and turned over to the geologists 
of tlie survey for examination.® 

Based on the observations made on this and preceding trips. Dr. Brit- 
ton outlined a plan of forest policy for the Porto Rican Government, 
whicli he presented at the spring meeting of the National Academy of 
Sciences, held at Washington in April, 1915, and it was transmitted to 
the Governor of Porto Rico. The reforestation of Porto Rico is acutely 
necessary. A recent report on tlie forests of Porto Rico by Mr. Louis S. 
Mui^phy, Forest P^xaniiner of the United States Forest Service, is of 
great value in this connection.*^ 

Dr. Chester A. Reeds and Mr. Prentice B. Hill devoted the months of 
June and July, 1915, to paleontological studies and collections in the 
western part of the island, obtaining over 10,000 specimens rich in fossil 
corals and fossil mollusks. They detected a stratum containing large 
quantities of fossil leaves; this noteworthy discovery, supplemented by 
further collections subsequently made by Mr. Bela Hubbard, gives us the 
first knowledge of the Tertiary flora of the West Indies. The collections 
of fossil plants made by Messrs. Reeds and Hubbard are being studied 
by Dr. Arthur Hollick. Dr. Reeds has published three maps. He discov- 
ered remains of a new fossil Siren ian, whicli has been described by Dr. 
W. D. Matthew.* 1 



• Jour. N. Y. Hot. Gard., XVI, pp. 132-146. 
•Jour. N. Y. Bot. Gard., XVI, pp. 103-112. 
" BolL U. S. Dept. Agrrlc. 1916, No. 354, p. 09. 
" Ann. N. Y. Acad. Scl.. XXVII. pp. 23-29. 
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Mr. Edwin T. Hodge spent the summer and early autumn of 1915^ 
first, in an investigation of the supposed petroleum oil shales in the west- 
em part of the island, obtaining samples from 26 different localities, and 
later in the year submitted a report upon them, which gave negative re- 
sults, Mr. Hodge concluding that oil-carrying shales do not exist in Porto 
Rico. Mr. Hodge subsequently made a detailed geological study of the 
Coamo region, and his results have been made ready for publication. He 
also made a study of the thermal springs of the island, especially those 
of Bafios de Coamo. 

Mr. D. B. Semmes prosecuted geological investigations of the section 
of the north central portion of the island, which, taken with the work 
of Mr. Hodge to the south, furnishes data for a complete geological 
cross-section from coast to coast. The studies of Mr. Semmes are pub- 
lished herewith. 

Mycological studies and collections were made from June to August, 
1915, by Professor F. L. Stevens, in continuation of similar investiga- 
tions prosecuted by him while Dean of the College of Agriculture at 
Mayaguez. He visited nearly all parts of the island and collected many 
thousand specimens ; his trip was under the auspices of the University of 
Illinois and of the New York Botanical Garden.^^ Professor Stevens 
described and illustrated the species of the large genus Meliola as repre- 
sented in Porto Rico, under the title The Genus Meliola in Porto Rico, 
which includes descriptions of sixty-two new species and varieties.^* 

Professor Crampton continued zoological field-work during January, 
1915, especially in the northwestern portion of the island, at which time 
he supplemented previous collections by obtaining large numbers of 
specimens in the various groups of invertebrates. 

In the spring and early sunmier of 1915, Dr. Frank E. Lutz and Mr. 
A. J. Mutchler made extensive entomological collections in various parts 
of the island, adding some 15,000 specimens of insects and large num- 
bers of spiders to collections previously made. Mr. Roy W. Miner and 
Mr. H. Mueller spent several weeks in the summer in the study and col- 
lection of marine invertebrates, especially in the vicinity of Quanica, 
some 8,000 specimens being obtained at that time from this region. 
Professor Raymond C. Osbum carried on studies of the organisms of the 
deeper waters in the vicinity of Guanica during the summer, obtaining 
over 2,000 specimens, principally by dredging. 

Professor Franz Boas prosecuted anthropological and archaeological 
investigations at several points during May and June, 1915. aided by Dr. 



"Jour. N. Y. Hot. Gard., XVII, pp. 82-85. 

" ininols Biological Monographs II, No. 4, pp. l-8(], Pis. I-V 
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H. K. Haeberlin, Dr. J. Alden Mason and Mr. Bobert T. Aitken. Pro- 
fessor Boas obtained data which caused him to doubt the general assump- 
tion that children reach maturity earlier in tropical regions than in the 
temperate zone, and other data which are important as regards the hygi- 
ene of childhood in the tropics. His observations on the teeth of Porto 
Rican children have been published by Mr. Leslie Spier.^* He obtained 
cordial cooperation in this investigation from the Department of Public 
Education of the island. He also concluded from his observations at this 
time that the Porto Rican race has been influenced in its development by 
environment. 

Professor Boas referred the collection of folk-lore data to Dr. J. Alden 
Mason, who prosecuted this study from June, 1915, until 1916, and 
accumulated an immense collection of folk tales, riddles, ballads and 
songs, which was subsequently referred for editing to Professor Aurelio 
^I. Espinosa, of Leland Stanford University, whose work on this impor- 
tant contribution is now approaching completion, and who has reported 
to the Committee that the documents are the most important contribu- 
tion of its kind made to literature. Professor Espinosa and Dr. Mason 
have published Porto Rico Folk Lore — 1. Riddles.^** 

Dr. Haeberlin made excavations in the Jobo district, including that of 
one stone enclosure and a cave, which contained ceremonial objects and 
large numbers of bones of an extinct mammal. A large cave in the 
vicinity of TJtuado, excavated by Messrs. Mason and Aitken, proved to be 
the burial ground of an ancient community, and here also large numbers 
of bones of an extinct mammal were found.^* One of these mammals 
proved to be new to science, and has been described by Dr. J. A. Allen 
under the title An Extinct Octodont from the Island of Porto Rico, West 
Indies.^^ Dr. Haeberlin has published a paper entitled Some Archaeo- 
logical Work in Porto Rico.^^ 

An ancient village site at Capa, located by Professor Boas and subse- 
quently investigated by Messrs. Mason and Aitken, proved to be the most 
important of all archaeological localities thus far discovered in Porto 
Rico. Efforts were made by the Committee to induce the Porto Rico 
Government to purchase and preserve this site as a national monument, 
but hitherto without success. A preliminary description of the site has 
been given by Dr. Mason.^® 

»*Am. Anthropologist, XX, pp. 37-48. 

« Jour. Am. Folk-Ix)rc, XXIX, pp. 423-504. 

" XIX Congress of Americanists, pp. 224-228. 

" Ann. N. Y. Acad. Scl.. XXVII, pp. 17-22, Pis. I-V. 

« Am. Anthropologist, XIX, pp. 214-238. 

^ XIX Congress of Americanists, pp. 220-223. 
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Dr. Marshall A. Howe spent parts of June and July, 19 lo, in con- 
tinuation of his previous studies of marine algae, principally along the 
southwestern coast from Ponce and Cayo Muertos to Cabo Rojo. During 
this trip he obtained about 3,000 specimens, including some species addi- 
tional to the known flora of the island.^** 

Professor Bruce Fink, of Miami University, proceeded to Porto Rico 
in November, 1915, and spent part of the winter there in making exten- 
sive collections of fungi and lichens. He has generously contributed 
information obtained by him to the Committee. 

Dr. Uerbert J. Spinden prosecuted archaeological work at several i>oints 
during the spring and summer of 1916 and made extensive collections, 
the study of which yielded interesting and valuable information. He 
excavated certain shell heaps and obtained specimens and information 
therefrom, which he regarded as throwing light upon the origin of Porto 
Rican aborigines. He also studied the aboriginal petroglyphs or rock- 
carvings. 

Mr. Bela Hubbard carried out a geological survey of the northwestern 
section of the island in the summer of 191G, and his description of this 
work is in process of completion for publication. Dr. Charles R. Fettke 
studied the southwestern districts of the island in an areal geological 
survey, which included a detailed study of the extensive areas of eruptive 
rocks. The vStudy of the large collections made by him is progressing. 

Mr. A. K. Lobeck studied, during the latter part of 1916 and January, 
1917, the physiography of the entire island, and the results of this inves- 
tigation are prepared for publication. 

During the summer of 1916, a very important study of the parasitic 
fimgi of Porto Rico was made by Professor H. H. AVhetzel, of Cornell 
University, and Dr. E. W. Olive, of the Brooklyn Botanic Garden, aided 
by a grant from the New York Botanical Garden, and several thousand 
specimens of these plants were obtained, which are under investigation 
by a number of different experts. 

Mr. H. E. Anthony prosecuted studies of recent and fossil mammals 
in Porto Rico during the summer of 1916, and made some highly inter- 
esting and important discoveries, which have been described by him in 
three illustrated papers: 

Preliminary Report of Fossil Mammals from Porto Rico.^^ 
Preliminary Diagnosis of an Apparently Xew Family of Insectivores.^- 



» Jour. X. Y. Bot. Gard., XVI, pp. 210-225. 

» Ann. X. Y. Acad. Sci.. XXVII. pp. 19.S-20.S. 

» Bull. Am. Mu8. Nat. Illst.. XXXV, pp. 72.V728. 
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Xew Fossil Rodents from Porto Kico, with Additional Notes on Elns- 
modoniomys obliquus Anthony and Ueteropsomys insulans Anthony.-^ 

During the progress of the survey, Dr. John A. Stevenson, of the 
Insular Experiment Station at Rio ^iedras, has made botanical collec- 
tions in various parts of the island, which have contributed much to our 
knowledge of the flora; he is now preparing a list of the fungi of Porto 
Rico. Dr. Basil Hicks Dutcher, IT. S. A., stationed at San Juan, has 
given valuable aid to nearly all our field parties by advice, information 
and personal assistance. 

A number of reports of progress and other presentations of parts of 
the work have been made at meetings of the Academy from time to time. 
An outline of the proposed survey was presented by meml)ers of the Com- 
mittee in tlie form of a symposium at the meeting of April 13, 1914.^* 
Another symposium was given at the meeting of December 14, 1914.^® 
At the meeting of the Section of Geology- and Mineralogy on November 1, 
1915, preliminary reports on field-work were given by Messrs. Semmes, 
ITodge and Reeds.^^ At the meeting of the Section of Biology Novem- 
ber 8, 1915, communications were presented by Messrs. Reeds, J. A. Allen 
and Matthew.^^ The Committee submitted a report of progress at the 
annual meeting of December 20, 1915.^'* 

At the meeting of the Academy held January 24, 1916, Dr. Boas, Mr. 
Aitken and Dr. Haeberlin^^ presented communications on ethnology and 
archaeology, and at the meeting of May 15, 1916, geological communica- 
tions were presented by Messrs. Hodge, Semmes, Reeds, Fettke, Hub- 
bard,'^ Lobeck and Professor Berkey.^^ 

During several months of 1917, Mr. Graham J. Mitchell prosecuted 
an areal geological survey of the southwestern portion of Porto Rico, and 
his report of this work is in progress of preparation for publication. Dr. 
Charles R. Fettke has recently published, with the approval of the Com- 
mittee, a paper entitled The Limonite Deposits of Mayaguez Mesa, Porto 
Rico." 

The final geological reports are being written, for the most part, by the 



a Bull. Am. Mus. Nat. Hist.. XXXVII, pp. 183-189. 

" Ann. N. Y. Acad. Scl., XXIV. pp. 369. 

^' Ann. N. Y. Acad. Scl., XXIV, pp. 398, 399. 

» Ann. N. Y. Acad. Scl., XXVI. pp. 433-436. 

«Ann. N. Y. Acad. Scl.. XXVI. pp. 436-439. 

« Ann. N. Y. Acad. Scl., XXVI, pp. 456 462. 

=• Ann. N. Y. Acad. Scl.. XXVII, pp. 250. 251. 

»Bull. Am. Inst. Mining Engineers, No. 135. 

« Ann. N. Y. Acad. Scl., XXVII. pp. 277-282. 

«Bull. Am. Inst. Mining Engineers, No. 135, pp. 661-676. 
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several geologists who have participated in the field-work, and, as already 
stated, considerable portions of them are ready for publication. Dr. 
T. \y, Vaughan, of the United States Geological Survey, has kindly con- 
sented to study the collections and prepare the descriptions of the fossil 
corals, and those obtained up to the present time have already been sent 
to him. 

The final botanical reports are being prepared by the following investi- 
gators : 

Flowering Plants. — Dr. N. L. Britton and Mr. Percy Wilson, the 
grasses by Professor A. S. Hitchcock. 

Ferns and Fern Allies. — Preliminary work by Miss Margaret Slosson. 

Mosses. — Mrs. N. L. Britton and Mr. E. S. Williams. 

Ilepatics. — Professor A. W. Evans. 

Lichens. — Professor Lincoln W. Riddle. 

Fungi. — Dr. W. A. Murrill, Dr. F. J. Seaver, Professor J. C. Arthur, 
Professor F. L. Stevens, Professor H. H. Whetzel, Dr. E. W. Olive, Dr. 
John A. Stevenson. 

Algce (marine). — Dr. Marshall A. Howe. 

AlgcB (fresh-water and aerial). — Professor N. Wille. 

N"o arrangement has yet been made for the study of Porto Rican 
diatoms. 

The zoological collections are being studied and final reports prepared 
as follows : 

Mammals. — Mr. H. E. Anthonv.^^ 

Birds. — Mr. Alex. Wetmore has published an exhaustive report on the 
birds which may be taken as a basis for our document.'* 
Reptiles. — Preliminary work by Miss M. C. Dickerson. 
Amphibians. — Preliminary work by Miss M. C. Dickerson. 
Fishes. — Mr. J. T. Nichols and Professor C. F. Silvester. 
Insects: 

Orthoptera. — Mr. J. A. G. Rehn and Mr. Morgan Hebbard. 

Coleoptera. — Mr. C. W. Leng and Mr. A. J. Mutchler. 

Hemiptera. — Mr. H. G. Barber. 

Lepidoptera. — Mr. F. E. Watson. 

Hymenopt^ra. — Mr. J. Bequaert and Dr. F. E. Lutz. 
Myriopods. — Mr. Roy W. Miner. 



«Mem. Am. Mus. Nat. Hist., N. S., II, Part 2. 
^ Bull. U. S. Dept. Agric, 1916, No. 326, p. 140. 
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MoUusks. — Preliminaiy work by Dr. L. P. Grataeap. 

Ascidians. — Dr. Willard Van Name. 

Crusi4iceans, — Mr. Roy W. Miner and Dr. Willard Van Name. 

Annelides. — Professor A. E. Tread well. 

Echinoderms. — Preliminary work by Mr. D. M. Fisk. 

Bnjozoans. — Dr. R. C. Osbum. 

Coelenterates. — Mr. Roy W. Miner. 

Representative collections of Porto Ricaii protozoans have not yet been 
made. 

The anthropological and archaeological documents are being written 
hv the several invest i^^ators who have conducted the field-work. Pre- 
liminary papers, in addition to those already noted in this report, are 
being prepared by Professor Boas on anthropometrical observations in 
T^orto Rico, by Dr. Mason on the archaeological investigation of the very 
important site at Capa, by Dr. Aitken on the cave sites near TJtuado, and 
by Dr. Mason and Professor Espinosa on Porto Rican folk tales. 

As to the general progress of the survey, it may be stated that over 
two-thirds of the necessary geological field-work has been completed. 
Except for an investigation of the diatoms, which has not yet been ar- 
ranged for, no additional botanical field-work is really essential, although 
the final reports would be more complete if additional collections were 
made, but this is of course true all over the world. Coiisiflerable addi- 
tional zoological field-work and additional collections in several of the 
groups of animals are higlily desirable, and, as before remarked, the pro- 
tozoa have not been collected. Anthropology and archaeology still offer 
widely attractive fields for further examination. No oc(»anograpliic work 
has as yet been possible. 

In cooperation with the Insular Government, portions of the collec- 
tions made have been returned to Porto Rico to form the basis of a Nat- 
ural History Museum, and other portions will be forwarded to Porto Rico 
as the study proceeds. The remainder is to be divided among the cooper- 
ating institutions and investigfitors. 

The islands St. Thomas, St. Jan and St. Croix, recently purchased by 
the United States from Denmark, lie close to Porto Rico, to the east and 
southeast. It is highly desirable, before our survey is brought to a close, 
that these should be studied geologically, zoologically and archaeologically. 
Their botany is fairly well known. I have recently contributed a cata- 
logue of their known flora to the Brooklyn Botanic Garden, and this has 
been published in the volume of papers presented on the occasion of the 
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opening of the new laboratories of that institution.^' The survey will 
thus be made to include all the Caribbean insular possessions of the 
United States as they stand at present, and be entitled A Scientific Sur- 
vey of Porto Eico and the Virgin Islands. 

The Chairman of the Conunittee gratefully acknowledges aid from the 
other members in the preparation of this historical sketch of the survey. 



»Meni. Hrooklyn Dot. Gard., I. pp. 10-118. (Contributions from N. Y. Bot. Card., 
No. 20a.) 
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INTEODUCTORY STATEMETs'T 

The Island of Porto llico lies between latitude 170° 54' and 18° 30' 
north and longitude 65° 13' and G7° 15' west. It is the most eastern and 
southern of the Greater i\ntilles. Thus it lies within the trade-wind belt, 
which is an important factor in the local variations of its tropical climate. 

In the Atlantic immediately north of Porto Rico lies Brownson Deep, 
which reaches the profound depth of 24,000 feet, and in the Caribbean 
farther to the south lies Tanner Deep, reachin^:^ 15,000 feet. Although 
its loftiest mountains do not exceed 4000 feet elevation above the sea 
level, the whole island appears to be just a portion or segment of a great 
mountainous mass or chain that rises from a submerged platform above 
which its true relief might well be measured. A relief diflference of 
28,000 feet such as is given from tlie bottom of Brownson Deep to the 

(11) 
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top of El YuiJ<iue is not exceeded in many places the world over within 
such moderate distances, but it must not be assumed that this is the 
elevation above the submarine platform. 

Porto Rico may thus be regarded to some advantage in the present 
consideration as a badly eroded uppermost portion of a great mountain 
mass which probably at one time formed a part of a chain with general 
east-west trend, most of which is now submerged. Certain very elevated 
segments of this chain still stand above sea level and form the islands of 
the Greater Antilles. Whether or not the structural relations of these 
exi)osed segments are of fault-block type and what relation such an island 
as Porto Rico may have to a former continental mass extending toward 
and ])ossibly connecting North and South America, however interesting 
or suggestive they may be, are questions that might be better discussed in 
the summary at the conclusion of this survey rather than in this pre- 
liminary statement. Such questions are involved in the final solution of 
the geologic history of the island, on which a whole projected series of 
district and special studies have a bearing. 

l^^^t() Rico is very moimtainous. A central cordillora extends nearly 
east and west, starting abruptly at the sea near Rincon on the west coast 
and continuing to El Yunque, the great mountain summit which forms 
the central feature of the eastern end of the island. It is not bv anv 
means as simple, however, as this statement would suggest, for there are 
branches of the main range both east and west, but especially to the east, 
where the Sierra de Luquillo, culminating in El Yunque, and the Sierra 
de Cayay, 10 miles farther south, form ver}' distinct features. At either 
end of the island the chief mountain relief is centrally located, but 
throughout the whole of the middle portion and for two-thirds of the 
total length of the island, including the Sierra de Cayay, and thence 
westward for 60 miles, the chief mountain range lies only about 10 miles 
from the south coast. Almost two-thirds of the total area, therefore, 
belongs to the northerly slopes of the chief mountain range. 

Although the topography on the whole is very rugged and the island 
has a decidedly mountainous aspect, there is almost everywhere a very 
moderate relief along the coast and at many places the coastal lands are 
almost flat. These very flat areas lie always at the mouths of rivers and 
undoubtedly have been made in large part by deposition of the silts of 
the streams. Such alluvial tracts are called playas in Porto Rico. 

All relief forms except these playas are of erosional origin. Exceed- 
ingly steep slopes are the rule, suggesting early maturity in physiographic 
history. This phase of the geologic history of Porto Rico has been made 
the subject of a special study by Mr. Armin K. Lobeck and will soon be 
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published in this series. One of the most surprising things is the way the 
soils cling to these steep hillsides^ and it is possible to repeatedly see slopes 
under cultivation that measure from 30 to 40 degrees. 

Numerous small islands lie along the coast. Two of comparatively 
large size, Vieques and Culebra, which are respectively 20 and 7 miles in 
length, mark the continuation of the Porto Sican land mass toward the 
east- All are included as a part of the studies of Porto Eico. 

Streams are numerous and surprisingly large. Mr. H. M. Wilson 
(1899, 1900) has published an excellent account of the hydrology of the 
island, and to this reference should be made for details of this nature. 
He credits this small island with 39 large and 1300 small streams. 

Sainfall is very unevenly distributed. At the east end, near El Yimque, 
there is an annual rainfall of 123 inches. On the other hand, at Cabo 
Bojo, at the extreme southwest comer, there is seldom any rain at all. 
Because of the high mountain ranges, there is an al)undance of rain on 
the windward side, which includes the east end and most of the north 
side of the island, and since the principal range stands far south of the 
middle, the larger portion of the island is fairly well wateied. A com- 
paratively narrow strip along the south side, especially to the west from 
Guayama, and again a strip at the northwest corner, are comparatively 
arid. Extensive irrigation works have been constructed aloiitx the south 

side. 

In most districts the bed rock is compact enough Uj discourage undor- 
groiind circulation and the run-off is correspondingly responsive to rain- 
fall. But in the northwest corner of the island, on a broad limestone belt 
reaching from Aguadilla to Camuy, and less prominently even farther 
eastward, there are many caves and sinks, and a most remarkable minor 
topography,^ where underground water circulation is locally of much 
importance. In some cases large streams rising on other ground farther 
inland are completely lost here for long distances, following subterranean 
channels in these limestones. 

There are no inland lakes and but few coastal lakes. All of these 
appear to be related either to playa development or to comparatively 
recent elevation and subsidence. One near Guanica still retains internal 
evidences of its former marine relations. 

The climate is strictly tropical, but it is so tempered by reason of the 
trade-wind breezes and by the mountainous aspect and elevation of much 
of the country that it is usually very agreeable indeed. The entire lack 
of great changes of temperature and the prevailingly moist conditions 

» For discussion of this feature In much more detail, see the foUowlnp nrtlcle by 
Douglas R. Semmes on The Geology of the San Juan District, Porto Rico. 
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over most of the island have a direct influence on the character of rock 
decay and disintegration and also on the quality of the soil. 

Tlie average daily temperature is 80 degrees, and it rarely rises above 
00 or drops below 70, while the maximum is said to be 99 degrees. 

In area Porto Rico covers 3,6T0 square miles, and is tlierefore about 
three-fourths the size of the State of Connecticut. It is roughly rectan- 
gular in outline, with the longer axis east and west, and in actual dimen- 
sions is approximately 35 miles in average width and 105 miles long. 

It is tlie fourth in size of the West India Islands. Porto Rico is verv 
productive and is said to hv the most densely ])opulated country in the 
world. 

GEOLOGICAL RECONNAISSAXCP] 



The Island of Porto Kieo lias never had a systematic survey, and com- 
paratively few articles have l)een written on its geology. A few papers, 
however, have described certain special features and general physical con- 
ditions in a very instructive way. The writings of R. T. Hill (1898, 
1800), especially, contain a comprehensive outline of the geologic historj' 
of tlie Island of Porto Rico, and those of H. M. Wilson (1899, 1000) and 
W. Dinwiddie (1899) give as good general des(Tiption of its physical 
features as is anywhere to be found. 

In the summer of 1014 tlie writer, in eoni])any with Dr. Clarentv X. 
Fenner of the (Jeophysical Laboratory, Washington, made a geological 
reeonnaissancc; of the island, with the object of determining the chief 
lines of its geologic history and outlining the major pro'blems to receive 
further study. This reconnaissance was undertaken as a part of the 
Xatural History Survey planned by the Xew York Academy of Sciences 
and was intended to lay the foundations of a complete geological survey 
which it was exju'cted would l)ecome the work of several subsequent 
expeditions and might extend over 4 or 5 years. Observations made at 
that time, together with additional studies of material secured on this 
first expedition, served as the basis of a report entitled Geological Recon- 
naissance of Porto Rico (Berkey, 1915), which was published the fol- 
lowing year, and has been the guide for several special expeditions and 
district studies since that time. This paper still constitutes the fullest 
statement of the structure and origin and geological histiiry of the whole 
island ; but it has now been supplemented by several district studies which 
have l>een made in much greater local detail, and also by a special investi- 
gation of the physiography of the island ; all of which, with yet others to 
be made, form a part of the plan for this Survey.- Seven such districts 



= A (letullptl list of those topics and studies is given at the end of this article. 
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and areal studies and four general investigations were originally planned. 
Five of the district or areal studies have been made and one general 
investigation has been completed. 

:major geologic features 

Determination of the principal rock types and larger structural units, 
together with their relations and the principal problems deserving fur- 
ther investigation, may be considered the chief work of a general geologic 
reconnaissance. To this task the energies of the first ex[)edition was 
directed with sufficient success, as it now appears with respect to its 
major lines, to stand tlie test of the more detailed subsequent work. A 
brief outline of the more im]K)rtant geologic features characti'rizing the 
whole island follows. 

liOCK FOKMATIOXS 

There is an exceedingly large number of formational rock units in this 
field and a very great number also of rock types or varieties, and the 
confusion as a consequence is so great, at first sight, that it all appears a 
hoj>eles.s muddle. This is especially true of the interior of the Island 
rather than the coastal margins. In the higher interior regions igneous 
rcK'ks and elastics derived moi>e or less directlv from igneous action such 
as tuffs and ashes prevail, although formations of simpler sedimentary 
(water laid) habit an? verv abundant and sedimentation structures are 
at least as prominent as are the massive structures of the true igneous 
rocks. 

-Vlong the coastal margin, on the other hand, especially along the north 
coast west of San Juan and along the south coast west of Juana Diaz, the 
rock formations are much simpler in aspect. Soon one comes to realize, 
therefore, that two distinct formational series are represented and, judg- 
ing from the very marked differences in habit, one would expect them to 
Ik* separated by a more or less profound break or unconformity. 

To this extent at least the* first suggestion in an attempt to organize 
the complex structure of the island is correct. There are imdoubtedly 
two very distinct formational series which, on more extended inspection, 
prove to l)e readily distinguished and separated. The one referred to as 
characterizing the interior is much the more complex in make-up and 
structure and most of its members have been extensivelv deformed and 
modified since their deposition. The simpler series is made up of a suc- 
cession of sedimentary and organic accumidations, including shales, 
marls, chalks and limestones, little disturbed. As should be expected. 
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there is a very distinct unconformity between these two major series 
represented by an erosion plane which bevels the upturned members of 
the older complex and seems to have all of the earmarks of a peneplain. 
The complexity of the older of these two series suggests again the possi- 
bilit}' of a subdivision of it, but all studies so far have failed to show a 
major line of separation. The formational groupings are therefore in 
approximately the order suggested in their original reconnaissance, essen- 
tially as follows : 

THE YOUNGER SERIES 

This includes shale and limestone beds, reef limestones and occasional 
sandstone and pebble accumulations. These are readily recognized as 
belonging to the Tertiary period, but the greater detail of age relation is 
a matter necessarily left for the more elaborate studies of those districts 
where these formations are prominent or to the results of general strati- 
graphic and paloontologic study. 

The Youncjer Series as used in these studies includes at least two verv 
readily differentiated but very unevenly developed members which were 
referred to in the reconnaissance under names taken from their most 
typical occuiTence. 

(a) The Sati Juan Formaiion is the most recent consolidated repre- 
sentative in the island. It is confined to the immediate coast margins, 
especially the north coast, and the adjacent small islands, the most strik- 
ing occurrence forming the promontory on which the city of San Juan 
is built. 

(h) The Arecibo Formation is a thick series of limestones, marls and 
shales. This is a much more extensive and geologically important mem- 
ber than the San Juan. Subdivision is doubtless possible with further 
study, and it has been convenient from the very first to distinguish cer- 
tain particular facies or the beds of particular localities by special locality 
names ; but these do not necessarily represent subdivisions of wide appli- 
cability. They have been, however, of distinct usefulness in all studies 
thus far made. The most commonly used are the following: 

1. The Arecibo limestone 

upper limestone member on the north side of the island. 

2. The San Sebastian shales 

lower, shale member on the north side of the island. 
'^. The Juana Diaz marls 

south side shales and marls near Juana Diaz. 
I. The Ponce Chalk beds 

vorv white chalks near Ponce on south side of the island. 
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The greater part of all these beds are satisfactorily detenniiied to be of 
Oligoeene age, but the latest studies indicate tlie presence of representa- 
tives of both Eocene and Pliocene age as well. 

THE OLDER SERIES 

This includes a complex association of tuffs, ashes, shale, conglomerate, 
limestones and a very great variety of intrusives and occasional lava flows. 
These are readily seen to be enough older than the other series to liave 
suffered much additional modification, of petrographic character and 
deformation, and it is comparatively simple also to determine tliat the 
members of the series as far as thev bear fossil evidence seem to he con- 

« 

fined to late Mesozoic age, perhaps wholly to the Cretaceous period. 

The Older Series thus far has failed to show even as distinct lines of 
subdivision as the Younger. Perhaps there are breaks as great as that 
betwtH^n the San Juan and the Arecibo formations of the Younger Se- 
ries, but the structures are much more obscure, bv reason of (k»formation 
and other changes, and are less fully exposed. There is a suggestion of 
a possible structural break marked by one belt of limestones found by 
Dr. Semmes in the San Juan district (see San Juan District geologic 
map) and perhaps in the La Muda Limestone of tlie original reeonnais- 
.sance accoimt, but no other supporting evidence is yet at hand, even after 
a study of more than half of the island in detail. 

The Older Series is apparently a fairly continuous accumulation of no 
greater C(miplexity and structural difricuhy tban sliould be e\|)ertc(l from 
a lon*r and ahnost continuous volcanic historv. 

Although still regarded as. a single series of formations, it has been 
found verv convenient in this case also to designate' certain well marked 
units by locality names. Xo assumption is made as to their extent or the 
possibility deserving recognition in attempts at correlation. The Recon- 
naissance exi)edition made free use of such terms tx) much advantage in 
the field, and later still others have been used by the investigators of 
special districts. As a matter of fact, the great difficulty found in the 
beginning in following any single field unit very far or identifying it at 
other places made the use of many locality and arbitrary names particu- 
larlv serviceable at that time. Subsequent studies have not successfully 
eliminated them, and it may well be that the accumulating proof of the 
irreat variability of all these formaticms as well as other units will compel 
the retention of such local names. Among the terms that belong to the 
reconnaissance stage and that bid fair to be retained are the following: 
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1 . The Fajardo shales, a very widespread type of blocky shale. 

2. The ^fayaguez shales, similar to Fajardo shales in general struc- 

tural habit. 

3. The Coamo Tuff-Limestone, a heavy limestone carrying abundant 

tuff fragments. 

4. The Trujillo Alta Limestone, a very limited occurrence of dense 

limestone. 

5. The "Shred"' Limestone, a name suggested by the appearance of the 

chief fossil form. 

6. The La ^luda Limestone, a formation that seems to mark a break 

of more than average consequence. 
T. Tho Mountain Limestone, of Hill — thin-bedded, shaly limestones 

and limy shales of very extensive development along some of the 

mountain ridges. 
s. The Corozal Tjimestone, a peculiar local occurrence of limestone 

breccia at Corozal. 

PETROGRAPHTC HAXGK 

Tlie ])otrographic variety of this older series is very great, but the tyj)es 
of hir*re consequence are not numerous. They may nearly all be included 
within such group terms as limestone, marls, shales, sandstones, conglom- 
erates, tuffs, ashy tuffs, ashes, and ash shales among the organic sedimen- 
taiT. and clastic rocks; andesites, andesitic porphyries, diorite, syenite 
and granite as the cliief crystalline igneous rocks; and serpentines and 
giaywackes and rarely some contact products as the chief badly modified 
tvjies. 

Altliough tlie range of different types when stated in this form is not 
at all remarkable, there is almost everv conceivable variation of minor 
rom])Osition, quality, structural or textural peculiarity, physical condi- 
tion, degree of modification and state of preservation represented in 
each one. 

Most of them, furthermore, occur in an almost coimtless succession of 
beds and sills or other field imits of all sizes from masses of many square 
miles in areal extent or hundreds of feet in thickness to thin layers or 
stringers or dikes of only a few inches. As a matter of fact, the most 
striking thing about these occurrences is the exceedingly great number 
of small units which alternate or change so many times in short distances 
that detailed mapping of them, or even an attempt to represent this detail 
l)v the most carefully constructed geologic cross-sections, seems hopeless. 
All ])racticable representations of the geologic structure are necessarily 
ire nrralizat ions. 
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Maps of any kind eoverin^r portions of districts must be done on the 
basis of a grouping together of great numbers of individual units in rec- 
ognition of the domination of some particular type. Thus it seems to be 
possible to mark out belts or areas of dominant limestones, shales, tuffs 
or conglomerates, some of which are fairly satisfactory as a basis for a 
geological map. But even in some of these cases tlio smaller individual 
constituent units vary so rapidly along their strike that the average 
quality is wholly different within distances of a few miles. This char- 
acter makes detailed geologic mapping a difficult and most discouraging 
undertaking. 

The Younger Series, on the other hand, is very much simpler, since no 
igneous rocks are represented at all. But even here, within the limits set 
by the shales and sands of one extreme and the marls, chalks, reefs and 
massive limestones at the otlier, there is every gradation, the character 
being evidently under tlic control of such local conditions, and so poorly 
marked off in succession by fundamental differences, that here again a 
subdivision for mapping purposes is extremely difficult to apply. A 
strictly paleontologic subdivision, however, is being more successfully 
applied as the investigation of certain districts proceeds. 

STRUCTURE 

The general geologic structure of the Younger Series of formations is 
simple. The beds lie, for the most part, dipping gently toward the sea. 
This is especially true of the broad belt of these rocks forming the north 
side of the island. On tlie south side there is some deformation, chiefly 
due to faulting and crowding. In many places also tliere is slumping 
due to sink-hole development. 

The Older Series has, on the contrary, a very complex structure. Only 
rarely do the bedded rocks have their original attitude. They commonly 
stand much tilted and even vertical, or in rare cases overturned, and 
faulting is common. But the most prominent structural feature is the 
association literally of multitudes of thin-bedded ashy or limy shales and 
equally thin igneous intrusive sheets or sills. It is not at all rare to see 
an alternating series of such units, a few inches or a few feet thick, so 
regular that when well weathered the whole succession looks simply like 
a series of alternating shaly and more massive beds. The number and 
complexity of the igneous intrusions are surprisingly great and at many 
places the intrusive members dominate in the formation. In most cases 
there are no noticeable contact effects. 

Much larger intrusive sills, which are almost always dioritic in com- 
position, are also very common and there are a few large bosses several 
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miles auniss of jrraiiUo. syeiiiU' and gi.'r))eiitiiie. In n fi'w plaivs the local 
iiitfiTitption or the beds by iiiasKive tuffs i-\it by iiitniciM' (tiin)ilexef> seems 
to mark nid voUanin vents whicli niuRt liaxc iii-eii active after the adjacent 
strata had funned and )ierliaps had attaiiKnl stimetliing of the qimlit}' and 
attitude that they now liave. One larjio old vent of this kind ia now the 
sit*' of the Jacaguas Reservoir. TW- (Kfiirronoc of beds of limestone 
breccia, including great amounts of tntT fra^'meuts, and a continuation 
of the same n-jrular Ix^ls beyond such coni|il<>.\('s, are further aapports to 
this iiit4'rpretati<iii. 




Tbpsp xlllH nrr iDtruilrd Ivtwran layer* nl calcatfoun iibiilN hhiI aiih bedi on tba ratd 
neur I'umprlo, Tbe atrrakf^ or handMl layort arc Klialpit. tbr idskkItc portlani. Men tail 
nt tbv letl bIiIp ut tlie tirldt. arc lilts. A traossrvsali u irlatlun can be k«d betwecB the 



Minor structural features such as xeiiulitliic inclusions in the intrusi^'eB 
arc extensively developed. Sometimes a sill or dike is literally erowde>l 
with tuff fragments mi closely packed together that the whole has more 
the general outward appearance of a tuff than a Ixina fide intrusive. Re- 
peated inspection of the structure, bowever, has renioicd evori* dotiht ss 
to the essential correctness of tbe obser\ation. .\ rather remarkable 
minor stnicture in the San Juan formatlou, which is believed to be a 
consolidated <lune sand, is illustrateil in the aeconi])anying figure. It 
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QroKr'Jne the Inclined 
nolldatpd MD<] Id the 

lower third of the iibotiBrarih U n ]>rlinnr;- iH^cllng Btruulure. hut the horizontal marks 
eriiHflIng thp Inrlliiwl liivi'rs In the niiticr jmrt of Ilir vl.'W nri' liellevod tn lie cf BPcondnry 
orljrin. 
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Awwi. m-iirly iH.riw.ntiil hediliii^' at tlie l»is... willi liiglily iiu-liiicl thhi 
beds (cross-bed structure) above, ou which ur in which a h's^ pr'Hioumi'il 
luirizoiital structure is also presened completely crossing tlie inclined 
liiUTs. Tliiw fornintioii has not been dcfDrnicd at all, so tiie stmctures 
must k' voniii'ctwl with (he original sedimvii ration and peihajis the indu- 
ration pioceeses in some way. \o better esplanat^ioii has lieon offered 
than that of the Reconnaissance report, whieh regards the i:ross-l>ed struc- 
ture as a wind-laid deposit and the horizontal structure, crossing it. as a 
cementation or induration stnicture developed in standing water during 
successive [Stops of subsidence and elevation. 




Hemkk Fkatikks 

The present relief features of Porto Rico arc all those of simple erosion. 
In the interior the structure is so complex and variable that surface forms 
seem to show little structural control. The mountains are rujiged, steep 
artil irregular in outline. Mountain tops are almost everywhere knife- 
ed;,'e iliviiies. no mattei- whether they emss nr fulltiw the I'oek stnietnre. 

The features of the coastal margins, however, ari' niueh more influ- 
enced hy formational attitude. The younger series of beds lie on the 
rather eveidy eroded (pcnoplained) surfa<'e of tlie complex older series. 
Ki-osion has strip|H>d Uaek mueh of this yi.iinger eiiver frum the old land, 
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thus developing the usual inner lowland and cuesta forms with traces of 
the old peneplain well preserved on the adjacent ground on the inner 
side. A full treatment of these features is included in a physiographic 
study of the island which has already been made by Mr. Armin K. T^beck, 
and whose report will soon be published as a part of this Survey. 

On the cuesta and the outer slopes, wherever limestones are the surface 
rock, great numbers of caves have developed. A most striking surface 
feature is thus produced with sink-holes as the first distinct stage which 
by enlargement develop flats separated one from the other by remnants 
of the old walls. In some districts these last remnants form great num- 
bers of small conical hills, referred to by Hill as the pepino hills and by 
Berkey as haystack hills. This is the most unusual and remarkable of 
the surface features of the island. 

Immediately along the coast one may find occasional traces of a step- 
like form which has attracted much attention. Thev were taken at once 

« 

to be sea terraces, and subsequent studios seem to confirm that conclusion. 
Such forms, therefore, indicate that the island has been elevated in com- 
paratively recent time. Other related features, among them the occur- 
rence of marginal islands, suggest that at one time the island may have 
stood even higher than now. Probably there has been a succession of 
elevations and subsidences in later as well as in the earlier geologic 
history of the island. 

Geologic History 

In barest outline the geologic history of Porto Rico is simple. A com- 
plete or even a reasonably full account of the geologic history of Porto 
Rico cannot be written at this step of the investigation. 

There is no record of very ancient rocks at all. But in Cretaceous time, 
or perhaps immediately before, this region was the scene of violent and 
long-continued explosive volcanic activity which resulted through many 
vicissitudes in the accumulation of thousands of feet of volcanic clastic 
matters, partly in massive unassorted condition, partly worn, transported 
and assorted, partly mixed with weathered detrital matters and organic 
growths, all together forming a great succession of tuffs, ashes, shales and 

limy rocks. 

The summary of the major historical items formulated in the original 

Reconnaissance report is still serviceable : 

(1) A long geologic period of volcanic activity, accompanied by mar- 
ginal attempts at assorting of fragmental and detrital material and 
organic accumulation disturbed from time to time by renewed or extended 
igneous activity. 
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(2) A (lying out of volcanic energy, greater stability of the mass with 
respect to elevation and subsidence, and erosional attack continued long 
enougii to result in extended planation and partial baseleveling with final 
extensive submergence. 

(.1) The development of an unconformable overlying series of shales, 
reef limestones and related deposits chiefly of organic origin, brought to 
an end by final re-emergence. 

(4) The develo|)meut of present surface features under stream erosion 
and marine marginal attack, with modifications arising from oscillation 
of level. 

PROBLEMS OF THE ST^RVEY 

Tile problems that were suggested in the Reconnaissance report have 
en^^aged the endeavors of several expeditions. Altogether seven have l)een 
made and four studies have been completed. Others are yet to l>e made. 
The whole plan with its accomplishments may be listed as follows: 

EXPKDITJON'S 

(a) Expedition of 1914 to make a reconnaissance. 

1. Dr. Charles V. Herkey and Dr. Chirenco N. Feniier. Reconuais- 

sauce report (Berkey, 1915). 

(h) Expeditions of 1915. 

2. Dr. Cliester A. Keeds. Study of Tertiary stratigraphy, and esixv 

daily an attempt to estahlish the subdivisions of the Younger 
Series and make paleontologic collections. New base map pre- 
partHl (iniblished with this paper). 

.3. Mr. Douglas U. Semmes. Study of the San Juan District (Sommes. 
1919). 

4. Mr. FJdwin T. Hodge. The Coamo-Guayama District.* 

(c) Expeditions of 1916. 

5. Mr. Bela Hubbard. The Aguadilla-I^res District.^ 
0. Dr. Charles R. Fettke. The Humacao Di.strict.^ 

7. Mr. Armin K. Lobeck. A general study of the phy.siographic his- 

tory of the island.* 

(fj) Expedition of 1917. 

8. Mr. Graham John Mitchell. The Ponce District* 



3 Report ready for publication. 
* Report Interrupted by the war. 
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Classics of Studlks 

Tlio whole list of stiulies of all kinds fall into three classes: 

(a) General studies, covering certain features affecting the whole 

island. 

(b) Areal or district studies, with accompanying geological maps. 

(r) Special investigations on prohlenis suggested bv local conditions 
or the material collected. 

r.KNERAL STrniFs 

Among the general questions which have been considered to belong to 
the island as a whole are the followinor : 

New Base Map. — The making of an accurate detailed map, such as 
might be represented by topographic sheets of tlie kind prepared by the 
IT. S. Geological Survey, is an imdertaking mucli beyond the scope and 
facilities of this Survey. Each investigator of a district has undertaken 
the correction of the maps available for his owti area in enough detail for 
the purpose. These districts, however, are not complete to such a point 
that a general relief map for the island could yet be constructed from 
them. As a step, therefore, preliminary to that result, the data of all 
previously published maps, together with such notes as were available 
from field observation, bave been compiled, under tlie direction of Dr. 
Chester A. I?eeds, in the form of a new relief map which is published 
herewith. 

Physiography of Porto Rico. — After the reconnaissance and first dis- 
trict studies were made, it became apparent that a general physiographic 
study covering the whole island would be particularly desirable. The 
opportunity to make a complete study of an isolated land mass, with a 
physiographic history probably similar to nicest of the AVest Indian 
islands, seemed to be particularly good. Mr. Armin K. Lobeck mnler- 
took this study and his work is com])leted. 

Tertiary stratigraphy. — This general problem, which was considered 
t/»o broad for a district study, was recognized as a difficult investigation 
that deserved to be considered by itself. Dr. Chester A. Reeds entered 
upon the investigation by making a collecting expedition in the season 
of 15^15. It was the intention to include in this study a determination of 
the principal subdivisions and boundaries of tlie Tertiary strata for tbe 
whole island, and it was hoped that this could be done on simple enough 
lines and promptly enough to be of service to all of the men doing district 
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mapping and making local studies. The problem has been found espe- 
cially difficult and final results are not yet reached. In the meantime 
the practical matter of mapping has been solved in each district as well 
as may be, and probably no full statement of the Tertiary stratigraphy 
will now be attempted till all of these separate studies are available. 

Mineral Resources. — Considerable money has been spent in Porto Rico 
in mineral exploration. It is said that gold was secured in paying quan- 
tities by the Spaniards in the early days. One can see gold panning in a 
few places now. Many ores of other metals are also formed as well as 
other economic products. Almost none, however, have proven attractive 
as the basis of an industry, although much interest is attached to such 
possibilities. Mineral resources of sufficient value to establish these in- 
dustries are much to be desired, and it is one of the purposes of this 
Survey to make a final summary of all matters relating to this question 
in a general study after all of the districts have been fully investigated 
and reported. 

DISTRICT STHDIES, WITH OUTLINE MAP 

The basis of all detailed investigations is the district or areal study. 
It has been foimd possible to divide the island into areas, each of such 
size that it could be studied in sufficient detail for the purpose in a single 
season by one man. These districts are not necessarily of the same size 
or form. Their boundaries have been chosen, in part, in consideration of 
transportation facilities and field accommodation, and, in part, in con- 
sideration of the occurrence of special features deserving particular atten- 
tion or special study. It has been possible to assign to each investigator 
of a district of this kind some important problem of a fundamental sort 
in addition to his regular district mapping and description. On this 
basis the area of the whole island has been covered bv seven districts. 
They vary considerably in size, depending upon the nature of the countr}' 
and somewhat upon the complexity of the geological problem, and to 
some degree also on the amount of previous investigation in adjoining 
areas (see outline map). 

The first two districts to be studied completed a broad belt entirely 
across the island from north to south, extending from San Juan to a 
point beyond Vega Baja along the north coast and from Guayama to a 
short distance beyond Santa Isabel along the south coast. This belt was 
chosen as a guide study and was intended to more firmly establish the 
major geological lines for further study of the rest of the island. 

The belt across the island was divided by a line from east to west in 
the vicinity of Barranquitas into a northerly and a southerly district. 
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The northerly one has for convenience been designated the San Juan 
District from its principal city. A study of this district was completed 
by Mr. Douglas R. Semmes and the report on its geology, with geologic 
map, forms a part of this bulletin. 

The south end of the belt, south of Barranquitas, was studied by Mr. 
E. T. Hodge. His area has been commonly referred to as the Coamo- 
Guayama District. A special study of the nature and probable origin 
of the hot springs at Coamo has been included by Mr. Hodge in his 
studies of this district. 

The Aguadilla-Lares District occupies the northwest comer of the 
island, extending southwest as far as Mayaguez. This was studied in 

1916 bv Mr. Bela Hubbard. The district includes the best material for 
a detailed investigation of the Tertiary stratigraphy. 

The Humacao District of the southeast comer of the island extends 
as far west as Guayama and as far north as Ceiba. This district contains 
one of the large areas of granite as well as the principal iron occurrence. 
The geology of this district was studied by Dr. Fettke in 1916. It in- 
volves these special discussions in addition to the district geology. 

The Ponce District of the south and southwest quarter of the island 
extends from a few miles east of Juana Diaz to the west coast and from 
the south margin to Mayaguez. This was studied by Mr. Mitchell in 

1917 and was made to include the special problem of elevation and sub- 
sidence as marked by terraces, and also the problem of faulting. 

Two other districts are still to be studied. 

One lies in the northeast corner, occupying the area north of the 
Humacao District, and may be called the Fajardo District. The other 
lies west of the San Juan District, extending to the vicinity of Camuy on 
the west and Ad juntas and the moimtain divide to the south, where it 
touches the Ponce District. This is known as the Arecibo District. 

The accompanying outline map indicates the location of these districts 
and gives the names of the men who have been responsible for their 
individual study (see outline map). 

SPECIAL INTESTIGATIONS 

Special scientific studies not already covered by the general investiga- 
tions of group (a) or included in the district studies of group (6) are 
chiefly concerned with pure science investigations connected with paleon- 
tology. Immense collections have been made and seem to be worthy of 
elaborate study. It is expected that they may ultimately form a volume 
on ^e paleontology of Porto Eico. 

A conBiderable list of special topics enumerated in the original Becon- 
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iiaissaiiee do uot deserve so elaborate treatment as that suggested alwve, 
and indeed are (juite logically cared for in the different district studies. 
Some of tlicni have been mentioned in that connection already. Among 
tliose considered as representatives of the class are the following: 

(a) Mapable subdivision of the Younger Series. 

(6) Mapable subdivision of the Older Series Complex. 

(c) Xature and origin of the San Juan formation. 

(iJ) Keef-building organisms. 

{e) Changes in character and composition of the igneous products at 

different stages in Porto Rico volcanic history. 
(/) Tliermal springs. 

(//) Studies in magmatic difFerentiati(m in an isolated volcanic center. 
(/<) Origin of the Iron Ores, etc., etc. 

All (MCiisional s])ocial to])ic has been the basis of a separate pajx^r 
(Fettkr nnd TTubl)ard, 1918), and some of these have been or will be 
publislied separately in an effort to furnisli useful information as 
proin])tly as ])o.ssible. 

In spite of the complexity and extent of the orignial undertaking, most 
of it has already been completed so far as relatt\<? to the general studies, 
district (Icscri])tions and special problems. One season's field-work on 
the scale of tliat of liUo or 19 IG would complete such work, and it would 
then be ])ossible to make a final geological map of the island and to write 
the suniniary of its areal, structural and economic geolog}' and its geo- 
logical history. 

A completion of it to that consimimation may ))e regarded as the 
immediate object of these geological field studies. The paleoutologic 
studies, in so far as thev are necessary to the historical treatment and 
stratigraphy, are to be included in the geologic investigations. Subse- 
quent studies of all kinds and to any extent may be based on the collec- 
tions, and additional investigations along paleoutologic lines will then ])e 
included in a separate volume under paleontology. 
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NEW BASE MAP OF PORTO RICO 
By Chester A. Reeds 

Following a short fossil-collecting season in Porto Rico in June and 
July, 1915, for the New York Academy of Sciences and the Porto Bican] 
Go>ornnieTit, the American Museum of Natural History cooperating, it 
sooniod desirable for plotting results that a small outline map of Porto 
Rico should be prepared. During October, 1915, such a map was drawn 
at The American Museum of Natural History by Mr. A. Briesemeister 
under my direction. Most of the data for the base sheet was obtained 
from a large ,map which had been prepared by the engineers of the 
Interior Department of the Porto Rican Government. The four-sheet 
edition of the IT. S. Coast and Geodetic Survey and the TJ. S. Post Route 
ma]) of Porto Rico were also used. Before the end of October a solio 
print edition pi one hundred copies of this new base map of Porto Rico 
was published by The American Museum of Natural History. Com- 
plimentary copies of the preliminary edition were distributed to the 
members of the Porto Rican Committee of the New York Acad em v of 
Sciences, to certain officials of the Porto Rican Government, to the 
various field men sent out by the New York Academy of Sciences to 
Porto Rico and to other interested persons. 

During December, 1915, the 100, 500, 1000, 1500, 2000, 2500, 3000, 
3500, 4000 and 4500 foot contour lines were drawn on a separate sheet 
for superposition on the base map of Porto Rico which had been prepared 
in October. Data for this topographic map of the island were taken from 
various sources, chiefly the TJ. S. Coast and Geodetic Survey maps, the 
profiles and sketches of the engineers of the Porto Rican Highways Com- 
mission, the contour map of a portion of the south side of the island 
prepared by the Irrigation Service, the TJ. S. Geological Survey's topo- 
graphic sheet of the Luquillo Forest Reservation, together with H. M. 
Wilson's topographic map of Porto Rico, prepared for the U. S. Water 
Supply and Irrigation Paper No. 32, 1899. Numerous photographs by 
Professors C. P. Berkey and H. E. Crampton of the Porto Rican Com- 
mittee of the New York Academy of Sciences as well as a large number 
bv myself were of considerable assistance in the preparation of the topo- 
irrapliio sheet. Fifty solio print copies of this contour map were issued 
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by the Museum and complimentary copies were distributed as had been 
done with the base map. 

Early in 1916 the 10, 100, 300, 500 and 1000 fathom lines were added 
to the base sheet of October, 1915. Areas less than three fathoms in 
depth were dotted. This information was compiled from the vari()u^ 
Porto Rican charts of the U. S. Coast and Geodetic Survey. 

This map should be of interest not only to the scientist and tourist but 
also to the million inhabitants of Porto Rico, for it is legible, convenient 
in size and contains a vast amount of information. 
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SYNOPSIS 



The area described in this report, which has been designated the San 
Juan district, lies on the northern side of the island of Porto Rico. It 
extends from the city of San Juan on the east to a point about two miles 
east of Manati and southward as far as Barranquitas — an area roughly 
500 square miles in extent. The San Juan district is a typical north- 
south section through the northern half of the island, the geologic and 
physiographic history of which may be regarded as essentially the same 
as that of the whole island. 

The physiographic history of the San Juan district is that of a complex 
mountainous oldland, which has been peneplaned, partially submerged, 
overlapped by a coastal plain, uplifted, maturely dissected, again slightly 
submerged and partially uplifted, erosion continuing in the interior from 
the time of first uplift. 

The formations of the district may be primarily divided into the 
younger series, or those that form the coastal plain, and the older series, 
or those that lie below it. The youngest formation consists of a coastal 
deposit of indurated lime dune sand of presumably Pleistocene age over- 
lying unconformably a limestone series, which forms the coastal plain 
proper. This limestone series, termed by Berkey the Arecibo formation, 
lies almost horizontal (dip 6*' N.) and is now maturely dissected, giving 
rise to the typical pepino or haystack topography of the island. The 
Arecibo formation is regarded as upper Oligocene in age. In the north- 
western portion of the island, but not appearing in the San Juan district, 
is a lignitic shale member (the San Sebastian shale) which underlies the 
Arecibo formation. The age of this shale member is uncertain, but in all 
probability it is lower Oligocene. 

The older series consists of marine and volcanic sediments with numer- 
ous intrusives. It is highly tilted and locally folded, resting uncon- 
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formably below the younger series. The sedimentary types represented 
are limestone, shales, sandstones, conglomerates, tuffs and ashes. With 
hardly an exception, these sediments are either of volcanic origin or were 
deposited through volcanic processes. Even the limestones show brec- 
ciated structure and are, with few exceptions, merely accumulations of 
limestone fragments derived from older beds shattered by volcanic out- 
bursts. The foraminiferal content of certain shale and limestone beds 
in the upper part of the older series indicates that the beds are upper 
Cretaceous and Eocene in age. The lower part of the series is no doubt 
Comanchic. The peneplanation of the older series culminated along the 
coast before the deposition of the coastal plain, for the peneplane surface 
can now be traced underlying the Arecibo formation. In the interior, 
however, erosion continued until the uplift, which occurred in late Oligo- 
cene time. 

The older series is everywhere intruded by igneous rocks of many 
varieties. The predominant t}'pe is an andesitic porphyry. The tufEs 
and other sediments directly derived from volcanic sources are also of 
this general composition. The igneous rocks occur as extrusive sheets, 
sills, dikes, and small and moderate sized stock-like intrusives. 

The mineral resources of the district are not large. About 100 ounces 
of gold are panned annually from the rivers in the vicinity of Corozal. 
Gold quartz veins have been worked in the hills south of Corozal, but 
without success. In the barrio Pasto, southwest of Morovis, several 
copper prospects have been slightly explored. 

INTRODUCTION 

The Antilles and the Central American region have remained until the 
close of the nineteenth century almost a terra incognita as regards their 
geological structure and history. Unfortunately, little study has since 
been devoted to this critical region which connects the two Americas, and 
until more accurate information regarding it is available our ideas of the 
geologic correlation of the two continents must remain largely conjec- 
tural. At the close of the Spanish- American war Porto Rico, being the 
closest of our newly acquired insular possessions, attracted a good deal 
of attention. During the first years of the American occupation much 
was written about the island and its inhabitants. Several very good 
papers describing its general configuration and geology were published 
during this period,^ and a number of articles on particular features or 
the general aspects of the country appeared in current periodicals and in 

iDorsey (1902), Hill (1899a), (1899c). Wilson (1899), (1900). 
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proceedings of learned societies. Interest in Porto Bico^ however^ soon 
waned, and from 1902 to 1915 nothing regarding its geology was pub- 
lished. In 1915 a paper by C. P. Berkey appeared in the Annals of this 
Academy^ which gives the first detailed and purely geological description 
of the island that has yet been written. 

Geographic Location 

Porto Bico^ the smallest and easternmost of the Greater Antilles, aver- 
ages 35 miles id width and 100 miles in length, presenting a regular 
rectangular outline three times as long as broad and alined nearly ex- 
actly east-west Its shoreline is nearly straight and quite regular. The 
coast is usually low, with a few low promontories. The fringing keys 
and deep indentations characteristic of a more youthful stage in coastal 
development, and so abimdantly developed on the Cuban coast, are en- 
tirely wanting. Its area is 3670 square miles, just 500 square miles less 
than the area of Jamaica, or about three times that of Bhode Island. Its 
population, considered as a whole, is the densest of any country on the 
globe. 

Natural History Survey of Porto Eico 

In 1914 an appropriation was made by the Insular Government of 
Porto Bico for the establishment of a Natural History Survey which was 
to be carried on in conjunction with the New York Academy of Sciences. 
The geological phase of the survey was begim in 1914 when Dr. Berkey 
and Dr. Fenner spent a month on the island, making a geological recon- 
naissance, preparatory to a subsequent and more detailed survey. The 
following year the writer was assigned to the San Juan district to begin 
this more detailed work. 

San Juan District 

The region selected may best be called the San Juan district, as San 
Juan, the capital, is situated in the northeastern corner. The district is 
that area comprised between longitude 66° 05' and 66° 27' west, and an 
east-west line through the town of Barranquitas about 21 miles south of 
the northern coast. The areal extent of the district is roughly 500 square 
miles. A corresponding area of similar width to the south was studied 
at the same time by Mr. E. T. Hodge. In this way a belt 25 miles wide 
was surveyed entirely across a typical portion of the island. Three 
months were spent in the field, in which time a topographic map was 
constructed, the mineral resources studied, and the geology plotted in as 
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much detail as possible, considering the shortness of the time and the 
size of the area involved. 

THE PHYSIOGRAPHY OF THE ISLAND 

The general configuration and topography of the island have been well 
described by several writers. Dorsey (1902) has written an admirable 
description of the several types of topography one meets on crossing the 
island, with an especially detailed description of the limestone topography 
of the coastal plain. Wilson (1899) also has given a good general de- 
scription of the physical aspects, and Hill (1899) described the physiog- 
raphy in connection with his geological reconnoissance of the island. The 
recent article by Berkey (1915) gives the most modem and detailed de- 
scription of the physiography and physiographic history of the ishmd. 

The island of Porto Kico may be described as a complex monntainoiis 
oldland, in the n^^ cycle of development, which has been peneplaned, or 
reduced to an old stage of topographic development, submerged, Ofer- 
lapped by a coastal plain, uplifted and maturely dissected^ partially inb- 
merged, then re-uplifted and further dissected. 

Complex Mountainous Oldland 

The most characteristic topographic feature of Porto Rico is its com- 
plex mountainous aspect. That portion of the island that rises above eea 
level is merely the eroded crest of a submerged mountain range of gnat 
complexity and magnitude. This eroded crest rises steeply from Om eea 
to an average altitude of 2500 feet along the divide. Owing to diAennoe 
in rainfall on the northern and southern side, the divide has been pndied 
to the south by the encroachment of the larger northern streams until it 
now stands two-thirds of the way toward the southern coast The present 
position of the divide has also been accounted for by a theory of block 
faulting of the whole island with the front face of the block facing south 
(Berkey, 1915, p. 40). In the western portion of the island the divide 
is double, where it is parted by westerly flowing streams. Near Adjuntas 
the two divides join at the headwaters of the Auasco River to form a 
single ridge, which continues to Cayey, where it first swings southward, 
and then sharply to the northeastern corner of the island. The Luquillo 
range forms another westward extending branch of the divide nearer the 
northern coast. 

The texture of the mountainous topography is medium to fine, except 
for certain lowland areas of coarser texture. The interior topography is 
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predominantly the ridge or cucb iUa type. The slopes are extraordinarily 
strep, slopes of 30—40 degrees being often seen. Between these ridges the 
streams run in V-shaped vnlleys. Some of the valley walls are very steep, 
but all variations from a canyon-like gorge to mature, open valleys are 
to be found. The streams north of the divide arc very numerous and of 
large volume, due to the abundant precipitation of the large per cent of 
run-off. Loisa, the largest river, rises only eight miles north of Arroyo 




on the southern coast. The Plata, ne.xt in size, rises the same distance 
north of Goayama. The larger streams rise high up in the mountains, 
and in the first few miles develop steep gradients characterized by falls, 
rapids and boulder-strewn beds (Fig. 1) ; then passing out into the lower 
coastal margins they accjuire much more mature courses and finally 
swing ill large meanders over tJie flat playa plains bordering the coast. 
Thus a typical stream such as the Plata on the northern coast may show 
every stage in development from youth to late maturity in its compara- 
tively short course to the sea. The complexity of this mountainous old- 
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land is readily recognized from even the most cursory observation of its 
geologic structure. An endless variety of sediments and volcanics^ steeply 
tilted and locally folded, are to be found intruded, permeated, and satu- 
rated by igneous rocks of many kinds, assuming an endless variety of 
forms. 

Peneplakation 

If one stands upon the sunmiit of one of the central sierras and looks 
out over the innumerable ridges that rise in all directions he may be im- 
pressed by the even crest line formed by the general accordance of sum- 
mits. This crest line apparently marks the present level of a peneplane 
the development of which began in Eocene and culminated in late Oligo- 
cene time. It is quite possible that the peneplane was never developed in 
any degree of perfection over the entire island. In some districts, how- 
ever, its present position is clearly defined, and near Mayaguez and Bincon 
undissected portions of this old upland surface can be seen. In this 
vicinity the level-topped areas are locally known as mesas. In other 
parts of the island no trace of an accordant skyline can be found. How- 
ever, a discordant skyline might well be developed in local areas through 
differential erosion or by subsequent warping. The evidences for and 
against peneplanation are discussed in more detail in another part of this 
report. 

The present elevation of the peneplane ranges from 2000 to 2200 feet 
near the divide to sea level along the coast. On the northern side it is 
partially covered by the younger coastal plain strata, but in the stream 
valleys it can be seen still preserved beneath the coastal plain. Elevations 
rising decidedly above its maximum elevation, such as El Yunke (3790 
feet), Los Picachos (3700 feet), Ala de la Piedra (3650 feet) and Gtiilarte 
(3600 feet), must be regarded as monadnocks upon the peneplane surface. 

The Coastal Plain 

Overlapping the mountainous region, there extends for nearly the 
whole length of the northern coast a coastal plain of limestone and shaly 
beds, which reaches as far inland as Lares and to an elevation of 1200 
feet. A similar coastal plain appears along the central portion of the 
southern coast. They are both of early Tertiary age, but whether they 
are exactly contemporaneous is uncertain. This fringing coastal plain 
varies in width from a mere line of isolated limestone hills, as seen south 
of San Juan, to a belt over ten miles broad north of Lares. On the 
southern coast it nowhere exceeds two or three miles in width. Overlying 
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the coastal plain on the northern side^ and occurring as a string of fring- 
ing islands or low coastal promontories, is the San Juan lime sand. It is 
essentially an indurated dune sand composed of shell fragments and 
quartz grains. This sand extends nearly the whole length of the northern 
coast, except for the extreme eastern part, but it has not yet been reported 
upon the southern coast. 

Mature Dissection 

The coastal plain is characteristically mature in its stage of develop- 
ment. Some portions of it might be regarded as sub-mature, and towards 
the eastern end of the district, south of San Juan, dissection has con- 
tinued to late maturity. The larger area comprised between these two 
extremes, however, shows the rugged appearance of maximum dissection, 
characteristic of maturity. 

Recext Submergence and Uplift 

Since the deposition aud uplift of the Tertiary coastal plain there is 
evidence of still later movement. The rock terraces described by Berkey 
(1915, p. 48) on the southern side of the island indicate that the sea was 
once at that level, while the presence upon them of recent shells fixes the 
time. On the northern coast recent marine shells are found some distance 
up the larger valleys at elevations of 100-200 feet. The subsequent uplift 
was not as great as the previous subsidence, for large areas of the San 
Juan sandstone, which must have originated at or above sea level, are now 
submerged, forming islands fringing the coast. The available evidence 
seems to indicate, moreover, a series of minor oscillations extending from 
Pleistocene time until the present, that is, the submergence which formed 
the fringing island was not continuous but consisted of numerous positive 
as well as negative movements. 

THE PHYSIOGRAPHY OF THE SAN JUAX DISTRICT 

The San Juan district, as already stated, extends from San Juan west- 
ward to a point two miles east of Manati and southward as far as Barran- 
quitas. Lying in the central part of the northern side of the island, it 
enjoys a very uniform humid climate. The mean annual rainfall varies 
from 60 to 90 inches. The dryest months are December and January, 
and the wettest month is May. The mean annual temperature varies 
from 74** to 78®. Though the climate is strictly tropical, the heat is 
rarely oppressive; a breeze is always stirring, and at least one or two 
showers may be expected each day. 
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The district represents a typical section of the northern half of the 
island, and its physiographic history has in general been the same as that 
given for the island as a whole. The accompanying block diagram (PI. I) 
is an attempt to picture graphically the topography of the San Juan dis- 
trict. Traversing the district from the coast to the southern boundary, 
one would cross successive belts of differing topography, which may be 
regarded as the topographic provinces of the district. On the coast is a 
narrow belt of modem sand dunes, in some places overlying the older 
Pleistocene consolidated sand dunes. Following this, there is an expanse 
of flat plains locally known as playas. These extend from the coastal 
dune area inland to the Tertiary limestones. In places the flat expanse 
of the playas is broken by low, rounded hills of the Tertiary limestones 
rising through it. To the south of the playa plains the typical pepino or 
haystack topography of the limestone belt begins. This belt extends 
inland and adjoins the oldland. It is occasionally broken by transverse 
valleys, such as the valleys of the Plata and Cibuco Rivers, which have 
completely removed all the limestone so that the alluvial plains of the 
river valleys rest directly on the oldland. Separating the coastal plain 
and the mountains proper is a low-lying area called by Hill (1899a) the 
**parting valley.^' This is the inner lowland developed between the 
coastal plain cuesta and the oldland. It is well developed as it crosses 
the San Juan district, broadening out towards the east to form a lowland 
area several miles wide between Bayamon and Guaynabo. The moun- 
tainous area extends southward from the inner lowland to the southern 
boundary of the district. 

The Dune Area 

The dune area presents topography of two types : first, the low promon- 
tories and coastal islands developed in the consolidated dune sand of 
Pleistocene (?) age; and, second, the modem dune topography that bor- 
ders the coast. The first type is best represented in San Juan City. The 
promontory, rising some 75 feet above the sea, on which the city stands, 
is entirely made up of the consolidated dune sand. To the west it can be 
traced either as a string of low islands, or occasionally as a promontory 
jutting out into the sea. Near Vega Baja Playa the island type is well 
developed, the islands ranging in size from a few yards to several hundred 
yards in length, and occurring out as far as a quarter of a mile from the 
coast (Fig. 2). 

The second or modem dune type of topography is a narrow strip of 
live dunes composed of lime sand similar in composition to that which 
forms the consolidated deposits. The dune belt follows the coast for the 
entire length of the district, varying in width from a few feet to several 
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hundred yardB. It is broadest io the western part of tlie district, bat its 
TuaTJTiriiim width ia developed farther west than the San Juan district 
ext^ide. The origin and source of the Pleistocene, as well as the modern 
dune sand, will be discussed under a subsequent heading. 

The Playas 

The playa pUins, a name given by Hill to the fan-like plains that ex- 
tend from the foothills of the dissected limestone cuesta to the coast, are 
to be seen along the entire coast of the San Juan district. Separated 
from the sea by the dune belt, they extend inland to the Tertiary lime- 
stones, and follow up the larger valley until they lie directly on the rocks 




■San Juan comoUdattd dune aond tarmlnn fringing iilandt at Vafja Bafa Plfipa 



at the interior complex. The playa plains rise only a few feet above sea 
level, and until recent years large areas of the plains in the San Juan dis- 
trict have been covered with water, forming inland swamps and lagoons. 
Since the value of the land has been recognized for sugar-cane production, 
all the available areas have been drained, and now constitute the most 
productive and valuable lands on the island. The low, flat, monotonous 
expanse of the playa plains is occasionally broken by low, rounded hills 
of the Tertiary limestones rising above the alluvial (Fig. 3), These 
limestone hills are isolated remnants of the coastal plain here buried be- 
neath the recent deposits. Owing to the slight elevation that they afford 
above the bliatering heat of the surronnding plains, they are selected as 
town and dwelling sites. Both Dorado and Toa Baja, the only two towns 
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situated in tii« center of the playas, are built upon these limeBtone rem- 
nants. Others are chosen as sites for the individual dwellings of the 
natives. The plava plains follow the three principal valleys of the Cibuco, 
Plata, and Bayanion nivers for some distance inland, and in the case of 
the latter two extend well beyond the limestone belt. 

The (reolopical history of the formation of the playa plains has, no 
doubt. 1)een complex. It is evident that they are in part of fluvial orif^in, 
for they ffrade directly into the true alluvial platna of the river valley. 




Pig. 3. — TAc plana plain* near Arecibo 

SlionEng s llmcHtoDp rrninant rising above the noudplala depoalta and the Umeatone 

lillJB ut ibe Aredbo (ormatlan Id tbe background, Pbotograpbeil from report ot Butnd 

o( 80IIK, L'. S. Dejiartmrnt of Agriculture, 1903. 

Just how important a role the sea has played in their formation is not 
definitely kiioMTi. It is the writers opinion, however, that both factort- 
have l>een influential. This point will he further discussed lielow. 

TiiK Tkrtiahy Limestone Belt 

As ihc northern coast of Porto Rico is approached, one readily distin- 
;ruislies two kinds of topography; the rugged mountainous skyline, and 
the loHirr, anguhir, maturely dissected linie-stone coastal plain. On closer 
inspection it is f^'cn that the topography of the coastal plain consists of 
numerous isolated or closely grouped angular hills not exceeding 100 feet 
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in altitude, bnt o£ such angular and rugged outline, and so densely cov- 
ered with tropical vegetation that thej form the most inacceasible and 
impassable regionB of the district. Slopes of 40° are quite conamon and 
occasionally vertical faces of limestone rising 10 or 20 feet are to be seen. 
Though from a distance the bills appear well rounded, yet at close range 
they are exceedingly rough and jagged, and are, as one of the Americans 
living in the vicinity expressed it, "very hard to scramble up." The 
unusual appearance of these limestone hills was early noticed by the na- 



as?^- 
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lives, who call thera /n'liiiios or eucuniber-shapcd hills. Berkey has used 
the term "haystack hills." n term peculiarly fitted to picture their appear- 
ance, rising abruptly as they do from comparatively level plains (Fig. 4), 
Both Dorsey (1902, p. 800) and Berkey (1915, p. 5S) have independ- 
ently come to the same conclusion as to the origin of the liaystack topog- 
raphy. Berkey summarized the steps in their development as follows: 
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larly bat chiefly at certain horizons, as more earthy or shaly beds of no ver}* 
great lateral or vertical extent. Such conditions are rq;)eated at occasional 
intervals in successive horizons. As snch a series is lifted above sea level and 
subjected to ordinary erosion and weathering, the tendency is, (a) for the 
purer and more massive reef limestones to be attacked by the solvent action 
of percolating water with a development of underground channels, porous rock 
condition and actual caverns, (b) for the more earthy layers to resist and 
limit such action at the levels where this matter is present in sufficient abun- 
dance, with a development of residuary material. As this action progresses 
toward maturity, many of the larger caves collapse and sink-holes are thus 
formed. With still further development, the sink-holes merge into each other 
in local areas where solution has been most active, the earthy debris forms a 
soil in the bottom corresponding in level with the first important earthy layer, 
and adjacent remnants of the limestone reef stand out as sharp, rugged hills 
separated by irregular notches that represent other smaller, collapsed caves. 
The result of such action and conditions, finally, is the numerous 'haystack* 
hills standing on fiat soil-covered areas or surrounding such areas as if they 
were Just set down as bunches on the surface. 

This is no doubt the best explanation for the origin of the t^'pical hay- 
stack hills. Towards the south boundary of the limestone belt, however, 
the haystack hills are not typically developed. The topography of this 
region is more rounded, with better drainage pattern. Occasional sink- 
holes are developed, but the topography as a whole resembles more that 
developed by normal stream erosion. This difference is due to the change 
in character of the limestone. The haystack type is developed on pure 
limestone, the latter on shaly limestone and shales. 

TERRACES 

■ 

The haystack hills rise abruptly from almost level plains, just as hay- 
stacks on a grass field. The plains are local developments and do not 
continue over extended areas. On passing from one of these plains to 
another, one is conscious of the fact that they rarely are of the same alti- 
tude, that is, they are not separated portions of a continuous base-level. 
On the contrary, they assume a step-like succession, forming a series of 
seaward-facing terraces. The level of an upper terrace correspondp 
roughly with the summits of the haystack hills on the next succeeding 
lower terrace. The terraces are best developed west of Vega Baja. Two 
can be recognized on following the road from Vega Baja to Morovis at 
K^ 42-43 and K 3-4 (Morovis road) respectively (see topographic map). 
Others less prominent can be detected by means of the aneroid. 

There are two possible explanations for the origin of the terraces: 

" K indicates kilometer posts on the public roads. 
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(a) The presence of a shaly layer in the purer reef limestones may be 
the controlling factor in the development of a plain at a particular level 
through difference in solubility. The pure limestone would soon develop 
large caves, extending down to the level of the shaly layer, which, col- 
lapsings would leave the haystack hills on a fairly level base. This plain 
would slope gently with the limestone strata towards the sea. After a 
time erosion would finally break through the shaly layer and a new ter- 
race would be formed with the next shaly layer as its base (Fig. 5). In 
this way successive terraces would be formed facing the sea. The differ- 
ence in appearance of the pure limestone and the shaly layers might well 
be so slight as to escape notice, so the apparent absence of shaly beds 
throughout the upper limestones would not disprove the theory. The 
writer located several shaly beds in the upper limestone that might easily 
have caused the terraces, but no exact correlation could be made from the 
barometric readings. 

(6) It is also possible that these may be marine terraces. Evidence 
for recent subsidence has already been mentioned, and marine terraces of 




Fio. 6. — Section through the Arec{bo formation 

IHustratlog the possible origin of terraces from differential solution caused by sbaly 

layers at A, B and C. 

about the same elevation have been described from the southern coast 
(Berkey, 1915, p. 48). Both causes may have been influential, but the 
writer iP inclined to adopt the first, since no marine shells have yet been 
found on the terraces. Moreover, the haystacks on the plains are more 
numerous and more promiscuously scattered than marine stacks should 
be, xmless one considers the possibility of marine terraces later dissected 
to form the haystack hills. 

The limestone belt extends across the whole district. It is wedge-like 
in general outline, being about five miles wide on the western border of 
the district, and thinning to a mere string of isolated hills on the east. 
Its inner margin reaches the elevation of 700-800 feet north of Corozal. 
In this locality and to the west its southern boundary is a well-defined 
cuesta which is locally known as "The Walls" (Fig. 6). To the east of 
Corozal the cuesta form is destroyed by more advanced erosion. 

THE INNER LOWLAND 

This topographic province, described by Hill as the "parting valley^' 
(Hill, 1899a, p. 105), extends entirely across the San Juan District. It 
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iii's Ijotttwiii the iiifHciiig cuesta of tliL' cuHstal plain on the northern and 
tlic uiouiitaiiiotis ri'fiioti to the south. It is best ilefined at Corozal (Fig. 
7 ) anil to the wei^t. Eastuanl it hruadeiit< aa the limestone cnesta wedges 
out. until south of Bayamoii it is representeil hy a broad expanse of rolling 
eimntry, extending southward past (!uaynal>o and merging gradually 
into the interior mountain. Its topographic development is more than 
tliat uF the intiTior mountains, that is. its stage of development is late 
maturity, with mature streams crossiiif; it in hroad and often meandering 
eoursi's. 

THE IN'TEItlOlt MOUM'AlXCnS ItKUlOy 

Snutli of tlio inner lowlands the topography of the San Juan District 
is typically moniitariiou!'. On iipproHLliing the island the rugged serrate 




iliaracttT of the skyline can Ik? distinguislied soon after its outline riis 
aliiivo the liori}:on. Passing through the mountainous area one is im- 
prtssii! with the extreme degree of the dissection. Almost no level 
ground t^: to be seen. Throughout most of the mountainous region of 
till' f^iin .liiaii District the country has attained the maximum fuggedncss 
cliaracteristic of a fully mature stage in ti>()ographic development. Other 
jiortionj^ show more or less advanced stages, hut the topography of the 
ri'giou as a whole is mature. Between the numerous streams the divides 
fiinn a network of sliarp ridges, so steep that the natives have appropri- 
ately nniiicd tluaii nirliilUis or knives. These are likewise closely and 
div|ily nirrugattHJ by ravines and gullies, the wjiole region assuming very 
uuxh the apiHaranee of a wrinkled haudkerehief. a simile said to have 
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been wsed by Columbus in describing the topography of the Antilles to 
Queen Isabella. 

The drainage of the mountainous area as a whole is dendritic in pat- 
tern. The adjustment of the stream courses to underground structure is 
very rare, A few cases were noted where some adjustment had taken 
place, but nowhere was it conspicuous. Although the mountainous region 
is underlain by a complex of formations of much variety, yet there is little 
or no evidence of this in the topography. Occasionally a dike could be 
traced for a short distance as a poorly discernible ridge, and it was no- 




I'liotogra plied by 



ticed that the highest points were usually underlain by highly indurated 
siliceous tuffs, as, for example, Torrecillo, northwest of Barrarii|uitas, and 
Helechal, some distance south of Bayamon. 

IXCISKD MKAN-DKEIS 

Some of the streams have developed deeply intrenched meanders as 
they pass out from the mountainous oldland. Tlie best example is that 
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of the Orocovis Biver south of Moroyis. In this region the stream shows 
larger swinging meanders entrenched to the depth of 800-1000 feet (see 
topographic map). The origin of these incised meanders and their re- 
striction to the inner lowland and the adjoining monntainons region is 
comparatively simple. At the time peneplanation reached its maximmn 
the streams passing ont over the flat oldland surface acquired meandering 
courses on nearing the sea, which then reached inland as far as the present 
mountainous region. Subsequent gradual uplift has slowly entrenched 
these meanders as the coastal plain emerged and assumed the present 
position. 

STREAK CAPTURE 

Although there are imdoubted cases of stream capture in other portions 
of the island^ no striking examples are to be found in the San Juan dis- 
trict. Near Comerio, however, there is a wind gap that was evidently at 
one time occupied by a tributary of the Plata River. This tributary, now 
represented by Mora Creek, formerly flowed from the southeast through 
the wind gap and occupied the upper valley of the Arroyato River (see 
topographic map). Subsequently another tributary of the Plata, work- 
ing down from the north, intercepted the larger stream, forming the 
present Arroyato River, which joins the Plata at K 23 on the Comerio 
Road. Both streams are now completely readjusted, but it is still evident 
that Mora Creek occupies a much larger valley than would be expected, 
considering its volume. 

PENEPLANE 

It has already been stated that the interior mountainous region has 
been partially truncated by peneplanation. In the San Juan district 
practically nothing of the upland surface remains. In some portions, 
however, its present elevation is well marked by the even character of the 
crest line. In the southern part of the district it can be traced at an 
elevation of 2000-2200 feet or less towards the eastern comer. From this 
elevation it slopes to the edge of the moimtainous region, where it is 
approximately 1200 feet. At this point the mountainous region breaks 
sharply down to the inner lowland, forming a well-defined escarpment. 
The escarpment can readily be traced on the topographic map, especially 
in the central portion of the district just north of Naranjito. The 
peneplane level, occasionally discernible among the crests south of the. 
escarpment, is not again recognizable until it plunges below the lime- 
stone strata of the coastal plain. At Corozal its elevation as it passes 
under the coastal plain is about 300 feet. From this it would appear that 
the peneplane surface was slightly upwarped along the southern edge of 
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the coastal plain; but these irregularities in the present surface of the 
peneplane may well have been original. The peneplanation was by no 
means perfect In some portions of the district no indications of its 
former existence are to be found. Between Barranquitas and Barros 
much of the country rises far above the peneplane level. Such an area 
can be regarded as a monadnock group. On the other hand^ near Cidra, 
in the southeastern comer of the district^ the general elevation of the 
country lies below the peneplane level. In this area the peneplane either 
was less uplifted originally or its original elevation has been entirely 
destroyed by subsequent erosion or warping. Indeed the present irregu- 
larities of the skyline and the variations in the general elevation of the 
upland surface are of such magnitude that the writer is forced to admit 
that the area may never have been peneplaned, and that the apparently 
even crestline that can be seen in parts of the district may be partly the 
result of an optical delusion on the part of the observer, and in part a 
real evenness, not necessarily caused by peneplanation, but due to weather- 
ing in situ and the formation of a thick soil mantle, which would tend to 
destroy the minor irregularities in the skyline. 

ROCK FORMATIONS 

The formational units of Porto Rico may be primarily divided into 
those that form the coastal plain and those that lie beneath it. These 
have been named the Younger and Older Series by Berkey. They are 
everywhere separated by a marked unconformity, so that they are entirely 
distinct structurally as well as lithologically and faunally. In the San 
Juan district the younger series includes all the formations encountered 
in passing from the coast to the inner lowland. These are, in the order 
of their respective ages, as follows : 

1. The modem sand dunes of the coast and the adjoining play a plains. 

2. The Pleistocene ( ?) San Juan lime sand. 

3. The Oligocene limestones and shaly limestones (Arecibo formation). 

4. The San Sebastian shales, developed near Lares, but not in the San 
Juan district. Probably Upper Eocene or lower Oligocene in age. 

A detailed subdivision of the younger series will, no doubt, be possible 
when its fauna has been studied with care. The Arecibo formation is 
essentially a unit, though somewhat complex, and showing considerable 
variation laterally. The lower shale member is evidently a separate for- 
mational unit, merely representing a local development, which is not 
found in the San Juan district. A subdivision of the imderlying older 
series, however, is quite another matter. The complexity of the forma- 
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tions and their lateral variations are so great that nothing more than a 
general subdivision will probably ever be possible. The local development 
of many of the formations, together with their disturbance and alteration 
by igneous agencies, make even the most generalized correlations largely 
conjectural. 

Younger Series 

recent deposits 

I'll consolidated Lime Sand. — The modern dune sand, the occurrence 
of which as a narrow belt along the coast has been mentioned, consists of 
shell and coral fragments with occasional grains of quartz. Its constit- 
uents are almost identical with those of the associated consolidated de- 
posits — a fact which leads one to infer that this sand is but a modern 
representative of the older consolidated San Juan sand. The belt of 
modern sand dunes is usually narrow, its greatest elevation of 8-10 feet 
being rea(-hed within 75 yards of the coast; from this point it slopes 
gradually inland and merges into the adjoining playa plains. 

Playa Plains. — The playa plains, which occur as an east-west belt 
acrOvSs the district, lying immediately south of the dune district, are 
partly fluvial and partly marine in origin. They are composed of ma- 
terial derived from the interior of the island through the ordinary proc- 
esses of stream erosion and deposited by the streams passing out of the 
mountainous interior upon the comparatively level coastal plain. 

These streams are now slightly entrenched, giving occasional exposures 
of a few feet in thickness. Such exposures show typical torrential bed- 
ding and deposits of fluvial character: however, marine shells are occa- 
sionally found upon the playas. These can be accounted for through 
temporary inundations. During the hurricane of August, 1898, practi- 
cally the entire expanse of the playa plains of the district was flooded. 
At this time the simultaneous occurrence of heavy rains and strong north- 
east gale caused the inundation. It is evident, moreover, that the sea has 
not had direct access to the plains since the consolidation of the San Juan 
sand. Indeed the formation of an offshore sand bar in Pleistocene -time 
may have been the controlling factor in the formation of the playa plains. 
In the sheltered lagoons formed behind the bar the alluvial material may 
have been deposited and subsequently uplifted with the San Juan for- 
mation. This would account for the typical fluvial appearance of the 
deposits, as well as their occasional evidences of the action of marine 
agencies. 
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PLKISTOCEXE (?) DEPOSITS 

.Saw Juan Forinalioii. — Tliis iiBnie has been given bv Berkey to desig- 
nate the formation upon which the city uf San Juan is built. It here 
forms a striking promontory that exteniln as a spit several miles out from 
the adjoining mainland am) at its extremity attains an altitude of almost 
a Iiundred feet. This maximum elevation is crowned by the pictures<|ue 
E! Morro, the massive walls of the cHstlc being built ufton tiie very edge 
of the steep seaward fare of tJie promontory (Fig. iH). 




Fio. 8. — Uorra i-atlle onrf a pnrfiON 0/ the iltu of San Jimn, baitt upon n iimaiontorg 

roHipiwed 0/ the Sun Jhiiii rvntiiltiUitnl lime tawl 

Pholosi^ptii^ I))' n. E. CramiHim. 

The San Juan formation as seen at this point is a very porous. nie<lium 
to coarse grained sandstone composed of minute fragments of shells and 
well-rounded quartz grains, bound together with calcareous cement (Fig, 
9). The calcareous grains predominate and in some localities form prac- 
tically the whole of the rock, so that the formation is essentially a lime 
sand. In other localities the quartz content ie hisher. but in no .am' did 
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it constitute as much as fifty per cent of the rock. In the vicinity of 
San Juan two distinct Ijpes of the formation were found. First, that 
which occurs well above sea level near Morro Castle. At this point the 
lime sand is exceedingly porous. The cementing material does not fill all 
the interstices, the grains being cemented only at the actual points of 
contact This mode of cementation has created a rock in which the vol- 
ume of the pore spaces is about 3<M(0 per cent of the entire rock. The 
second variety of lime sand was taken from a quarry near Borinqueu 
Park, about three miles east of the first locality. The material from this 




PlO. B. — Ban Juan conaoHdnled Umt tand 

quarry, coming from below sea level, is dense and closely cemented, being 
locally used aa a building stone. It is evident, therefore, that the degree 
of cementation is dependent upon the length of time the formation has 
been e?iposed to the free circulation of calcareous solutions. The upper 
portion of the formation, being re-elevated after only a short period of 
submergence, now shows only the initial stages of consolidation, while 
the lower portion, still submerged, has consolidated into a dense and very 
durable rock. The question then arises whether the porosity of the upper 
portion of the formation is not due to subsequent leaching rather than to 
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initial poor cementation. A microscopic examination of the lime sand, 
howeyer^ shows no evidence of any appreciable amount of subsequent 
leachingy for a subsequent dissolution would have affected the readily 
dissolved calcareous fragments as well as the calcareous binding material. 

West of the extremity of the San Juan spit^ the continuation of the 
San Juan formation can be traced by a series of islands^ the largest of 
which, Cabras, rises just in the center of the harbor entrance. Small 
fringing islands of this type, wholly composed of the consolidated lime 
sand, can be traced along the coast far beyond the western boimdary of 
the district. All the headlands and points that rise above the general 
level of the coast are likewise composed of this material. Throughout 
this entire area one finds that the lime sand is characterized by very pro- 
nounced cross-bedding of an eolian type. This cross-bedding character 
is well shown in the face of the promontory below Morro Castle, as well 
as in numerous other localities to the west. The eolian type of cross- 
bedding, together with the fact that the San Juan lime sand is almost 
everywhere associated with modem dune sands, indicates that it was for- 
merly of similar character to the modern dune sands, merely having been 
subsequently consolidated. 

Age. — The exact age of the San Juan formation is uncertain. None 
of the modem sand dimes shows even the initial stages of consolidation. 
Indeed, much of the material composing them appears to have been de- 
rived from the destruction of the San Juan formation. Moreover, evi- 
dence of the final oscillations of the coast is clearly seen in the cliffs of 
this formation. Large portions of the consolidated sand still remain be- 
neath the sea, so it is evident that the formation was formed before these 
coastal movements occurred. The formation contains no conclusive 
faunal evidence of its age. The shell fragments are so minute that none 
could be determined. Occasional foraminifera occur, but these proved 
valueless as an index of the age. The formation has been regarded by 
Berkey as being of Pleistocene age. This conclusion is derived from its 
general appearance, situation, and close association with modern dune 
sands of similar composition. Indeed, the upper portion of the formation 
might possibly be post-Pleistocene in age, though as yet no direct evidence 
has been found to support this view. 

TERTIARY LIMESTONE SERIES 

Arecibo Formation. — Underlying the San Juan formation, but sepa- 
rated from it by an extensive erosion interval, is the Arecibo formation, 
so called by Berkey from its type locality, the town of Arecibo. The 
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formation consists of a series of reef and shell limestones alternating 
with layers of calcareous shale. Towards the hase of the series the shales 
become predominant. In the vicinity of San Sebastian, in the north- 
western part of the island, there is locally developed l)e»eath the Arecilx) 
formation a series of dark, lignitic shales, quite different from the yellow- 
ish, calcareous shales that occur in the base of the Arecibo in the San 
Juan district. Xo equivalent of these shales could be found in the San 
Juan district. It is the writer^s opinion that the San Sebastian shale is 
merely a local developmejit, which is not equivalent to the Arecibo, prob- 
ably being much younger in age (see discussion of age of younger series). 
At Juana Diaz, on the southern coast, a similar shale member is to be 
seen. At this point, however, the beds dip as steeply as 36°, according to 
Berkey (1915, p. 13), which would seem to indicate either that they 
underlie the Arecibo unconformably or that they have been tilted by later 
movements. In the San Juan district the Arecibo formation dips 6** to 
the north. Its maximum thickness is not developed, but towards the west- 
ern boundary it is at least 500 feet thick. It extends entirely across the 
district, forming a belt several miles broad on the west, but wedging to a 
mere line of isolated hills to the cast. Much of its former extent ha«, lU) 
doubt, been destroyed by erosion, but it still covers an area many times 
larger than that occupied by any other single formation. 

Along the valley of the Plata, where a good section of the formation 
can be seen, it consists, in the upper part, of a series of white reef and 
shell limestones of medium density, with occasional layers of yellow% im- 
pure, shalv limestone. The shalv lavers increase in number and become 
essentially light-colored calcareous shales towards the base. The basal 
shales are of this character in this localitv, and are entirelv imlike the 
dark lignitic shales of the San Sebastian region. East of the Plata Val- 
ley the base of the formation is not exposed, but there is no evidence that 
its basal shales differ in composition from those seen in the Plata Valley. 
The Arecibo formation as a whole appears to be a structural unit. Al- 
though it is not uniform in character and composition throughout its 
vertical extent, yet there are no unconformities or erosional breaks, nor 
are the variations in general appearance distinct enough to warrant a 
closer subdivision. Since the formation varies laterallv as well as verti- 
cally, no specified section would hold true for the entire district, yet as 
one passes over the formation certain general changes are observable, 
which are continuous throughout the district. The upper part of the 
series, as has been noted, is characterized by the predominance of a white 
or pinkish, chalky, poorly bedded limestone, partly composed of shells. 
Locallv this limestone assumes a hard, dense, and massive character, being 
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quite brittle and ringing when struck by a hammer. It is in this phase 
of the limestone that the caves, which are so numerous through the lime- 
stone belt, are developed. The absence of shaly material makes it readily 
soluble by underground waters. Locally the upper purer limestones show 
the characteristics and content of a coral reef. Near Morovis the lime- 
stone has such an appearance. Close examination shows that it is com- 
posed almost entirely of corals and is even more irregular and massive in 
structure than the white, clialky limestone. On passing downward 
through the series, one notes that tlie bedding becomes better defined and 
occasional layers of shaly limestone are to be seen. Thin, shaly layers 
occur even in the highest beds, but they do not become noticeable until 
better developed towards the base. In the lower portion of the formation 
the shaly layers become predominant and the massive, purer limestone is 
entirely lacking. Tlie base of the series is entirely com])osed of calcareous 
shales, which are porous, coarse-grained, and well bedded. Such a suc- 
cession would naturally be expected under the conditions which seem to 
have prevailed. After submergence tlie coarser, shaly material would be 
laid down first near shore, followed by finer shales and slialy limestones, 
with occasional beds of purer limestone marking temporary periods of 
clearer waters. Finally, the upper limestone beds and coral reefs would 
be deposited when clear-water conditions had been estal)lishod. 

Age. — The fauna of the Arecibo formation has never been carefully 
studied. The fossils are as a rule poorly preserved, nothing remaining 
but the internal molds which are rarelv determinable. The older series 
was formerly thought to be Paleozoic, but the limestones of the coastal 
plain were early recognized to be of Tertiary age. 

In 1868 Cleve (1883, p. 189) first approximately determined the true 
age of the older and younger series. He stated ^'that the island of Porto 
Rico consists largely of very thick, almost undisturbed limestone beds of 
Miocene age; but in the interior of the country, around Utuado, rocks 
similar to the Cretaceous of the Virgin Islands are met with." 

In 1898, after a reconnoissance of the island. Hill concluded that the 
ages of the Tertiary formation were as follows (Hill, 1899a, p. 109) : 

The upper part of the Pepino hUls Is made up at their surface of a rather 
hard lime marl full of coralheads, with occasional indurated strata of firm 
white porous limestones. These rocks (the Pepino formation) are of Miocene 
ajje, as determined by Mr. T. Wayland Vaughan from the corals collected by 
me, similar to certain rocks of Antigua hitherto not known in the geologic 
sequence of the Greater Antilles. Their tilted position, standing at 1200 feet 
where they meet the older volcanic mass, testifies to the great geologic move- 
ments which have taken place in the West Indies in late geologic time. 

Below this limestone, which is at least 100 feet thick, are fossillferous 
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greensand marls of undetermined age (Eocene or Ollgooene), which in torn 
rest upon a great thickness of thinly stratified reddish llgnltic days and sandB 
of Eocene age (the Richmond formation) which outcrop near San Sebastian, 
Guatemala and Mocha on the western end of the Island, and near Carolina on 
the northeast coast 

The pepino formation is in part equivalent to the Aredbo. No green- 
sand marls were found in the San Juan district, but these probably oor- 
respond to the lower shaly Arecibo. The lignitic days and sands are 
what has since been termed the San Sebastian shales. In the older lime- 
stone beds of the interior, Hill mentions the occurrence of a Cretaceous 
fossil (Rudistes), thus confirming Cleve's earlier supposition that the 
older series was of Cretaceous age. 

Through the aid of Dr. William H. Dall, the material which the writer 
collected in the San Juan district, as well as some of that collected by 
Dr. Berkey the summer previous, was roughly determined. The material 
consisted almost entirely of internal molds, some of them being so poorly 
preserved that even the genus could not be determined. In only one case 
was a species positively identified, but the accumulation of evidence from 
quite a number of genera, as well as the general appearance of the forms, 
made the determination of the ages of the respective members of this 
series fairly reliable. The forms studied should be divided, according to 
the locality from which they were collected, into three groups: 

1. Collected by the writer from the base of the Arecibo, near Toa Alta 
and from the upper part of the same formation near Yega Baja. The 
forms from these two localities are so much alike that no attempt was 
made to distinguish between them. 

2. Collected by Berkey from the Ponce formation just northwest of 
Ponce, on the southern coast. 

3. Collected by Berkey from the San Sebastian shales (upper portion) 
near Lares. 

The faima from the Arecibo formation consisted of pelecypods, gastro- 
pods, and corals, of which the following genera were identified : 

Metris trinitaria (Dall), an index of the Bowden formation^ upper 
Oligocene of Jamaica, found throughout the Arecibo formation 
in ttie San Juan district (PI. II, la, 16). 

Pecten sp. (PL II, 5). 

MitthaB^. (PI. II, 2a, 2&). 

Haminea sp. Very abimdant (PI. II, 3a, 3b), 

Cyproea sp. Abimdant (PI. II. 4). 

Amauropsis sp. 

Coww^ sp. (PI. II, 6). 

Ampnlina sp. 
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8 trombus sp. (PL II, 7). 

Orbicella aff. cavernosa (Linn.). 

Fungxd coral, not determinable, but similar to those found in the 

OUgocene of Antigua, Anguilla and Cuba (PL II, 8). 
Fenti^sp. (PL 11,9). 

Although only the first of these forms may be regarded as even an ap- 
proximate index, yet the f aima as a whole from its general appearance is 
regarded by Dall as Upper OUgocene. The occurrence of Metris trinu 
taria at the base as well as in the upper portion of the formation would 
indicate that the entire Arecibo formation as developed in the San Juan 
district is Upper Oligocene. 

The second group of fossils was collected from the Ponce formation 
on the southern coast. This material was also so poorly preserved that 
the genus could not always be determined. This group includes : 

Lucina sp. 

Lucina sp. small specimens much like forms from the C^hatta- 

hoochee (Middle Oligocene of the Gulf Coast). (PL II, 11.) 
Pecten sp. like P. thetxdis (Sowerby). (PL II, 10.) 
Fasciolaria (PL II, 12). 
Amauropsis ocalana (?) similar forms in Ocala limestone, Vicks- 

burg formation, lower Oligocene of the Gulf Coast (PL IF, 13). 

As the relative position of the specimens in the Ponce formation was 
unknown, the geologic range could not be determined. It is probable 
that the specimens were collected from the lower portions of the forma- 
tion. These forms at least indicate that the formation is lower to middle 
Oligocene and that it is in part practically equivalent to the Arecibo 
formation of the northern coast. 

The third group was collected near Lares from the first shell bed of the 
San Sebastian shales. This shell bed is located in the upper portion of 
the shales. It contained : 

Venericardia sp. 
Ostrea sp. 
Conus sp. 

None of the forms of this group could be used as an index of its age, 
but from their general appearance Dall concluded that they were lower 
Oligocene or possibly upper Eocene. Therefore, since these forms were 
collected from the upper part of the San Sebastian shales, it is probable 
that these shales are, in greater part, of lower Oligocene age. 
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Oldek Series 

Underlying the Arecibo formation is a eomplex series of sediments of 
both aqueous and volcanic origin, intimately associated with numerous 
igneous rocks. It is this complex that Berkey has termed the older series, 
since it is unconformably separated from all the formations that have 
been described and is in appearance much older than these strata. The 
older series outcrops in all parts of the San Juan district south of the 
inner lowland, an areal extent of roughly two-thirds that of the whole 
district. The contrast in appearance of the two series is strikingly evi- 
dent as one passes abruptly from the nearly horizontal beds of the Arecibo 
formation, showing comparatively simple structure and only minor varia- 
tions in lateral and vertical extent, to the steeply tilted beds of the older 
series, where sediments and volcanics of all varieties are dissected bv an 
infinih' number of igneous rocks, both intrusive and extrusive, ranging 
in size from small stringers to major iutrusives of many square miles in 
extent. The subdivision of this intricate series is an exceedinfflv diffi- 
cult ta.^k. ^lany of the formations are of such insignificant thickness 
that they would necessarily have to be grouped to appear on a geologic 
map of moderate scale. Such grouping would be on an arbitrar^^ basis, 
for the formations involved do not naturally fall into larger groups. Con- 
se<|uently, only generalized subdivisions have been made on the geologic 
map. the detail in structure and composition being shown on the accom- 
panyin<r cross-sections (PI. IV). The rocks of the older series include: 

Sediments essentially marine. 
Sediments essentiallv volcanic. 
Igneous rocks. 

^Farine sediments which have been whollv derived from the land 
through the ordinary processes of erosion and stream transportation are 
almost unknown in the older series of the district. Practicallv all of the 
marine sediments contain volcanic material. Some are comfK)sed wholly 
of volcanic material cemented bv carbonates. These sediments have been 
well assorted and bedded, and often contain marine organisms. The 
marine* sediments — that is, those that show more strongly the character- 
istics of marine rather than those of volcanic sediments — include lime- 
stones, shales, sandstones, and conglomerates. These form only a small 
percentage of the total thickness of the older series. Occasionally shale 
and conglomerate beds of 100 yards or more in thickness are to be seen, 
but the limestone beds are usually less than 100 feet in thickness. With 
the marine sediments, the extended series of volcanic avshes and tuffs is 
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intimately associated. The ash beds are usually \ycll bedded and a c-er- 
tain degree of assortment can be seen in the material that has been either 
ejected directly into the sea or subsequently reworked. The tuffs are in 
ir neater part massive ; others are well bedded and show evidence of marine 
assortment. The ejectmental material is of all sizes from fine ashes com- 
posed of grains less than .01 mm. in diameter to coarse tuffs containing 
fragments a foot or more in diameter. A continuous series is formed 
between these two extremes, so that the distinction between ashes and 
tuffs is merely an arbitrary one based on size of grain. The complexity 
of tlie older series is primarily due to large number of igneous rocks that 
occ'VLT closely associated with the sediments. But for the fact that the 
older series has been so thoroughly dissected by igneous intrusions, its 
correlation and geologic mapping would be a comparatiyely simple matter. 
As it is, however, correct mapping can only be done after detailed study 
of areas where outcrops are numerous. 

RESIDUAL SOIL AND DEPTH OF DECAY 

Xone of the rock formations of the district is f<ee from surface altera- 
tion and decay. The older series, longer exposed to the weathering agen- 
cies, has been altered to considerable depths and i;^ now almost everywhere 
covered bv a residual soil locally reach injr manv feet in thickness. Its 
greatest development is in the inner lowland, whore the relief is nKxIerate 
and stream transportation slower. In this region it is often possible to 
make excavations of 15 feet in depth without encountering; bed-rock. 
Consequently, in this lowland region outcrops are uncommon and the 
few that occur are often so highly decomjmsed that tbe exact nature of 
the original rock remains uncertain. Even in the mountainous rei^ion 
where outcrops are plentiful many of them are badly decomposed. The 
stream beds and recent road cuts afford tlie best opportunities for the 
study of extended surfaces of fresh roek. Even though the temperature 
changes are small, exfoliation is common, producing peculiar concentric 
arrangements that are strikingly jironiinent in many of the shales, vol- 
canics, and igneous rcK'ks (Fig. 10). 

One of the most striking cbaracteristics of the topography of the old- 
land is the remarkable stability of the soil mantle. As has already been 
noted, the soil mantle, remaining practically in situ, might well be re- 
garded as an important factor in detennining the regularity of tbe crest 
line, in many places giving rise to well rounded hill summits that have 
been regarded as good evidence.4 of |>eneplanation. Hillsides that slope 
a,s steeply as 40° can be cultivated with little or no loss of soil. Knife- 
edge divides with 40° slopes on either side retain their soil to the very 
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summit and can be ploughed without fear of washing, even after the 
heaviest rain. Berkey ascribee the causes of the Btability of the soil 
mantle to three factors (1915, p. 35); first, the dense cover of vegeta- 
tion; second, the small range in daily and annual temperature; and, 
third, the low content of inert or refractory material, such as qnartz, in 
the rocks whose destruction has furnished the soil. Neither of the first 
two of these factors would explain the stability of the soil when unpro- 
tected, subsequent to cultivation. The third, however, ie of vital signifi- 
cance. The igneous rocks as well as the volcanic material ate predomi- 
nantly of andesitic composition, contain large amoimte of feldspars and 
ferromagnesian minerals, and little or no quartz. This on weathering 
would give rise tc an argillaceous soil, essentially a clay, which would be 
very impervious. A soil of this character would not permit the free cir- 
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culation of ground water and would not readily be removed and trans- 
ported by the surface run-off. 

The presence of a widespread mantle of such impervious soil might 
well explain the peculiar absence of meteoric springs throughout the 
island. True springs are almost unknown in the San Juan district. The 
so-called springs are merely rivulets of surface water, hidden in their 
upper courses by dense vegetation. On the southern coast several thermal 
springs have been found, but it is now believed that these derive their 
water from magmatic rather than meteoric sources. Whether the imper- 
viousness of the soil is the sole cause of the absence of springs is not 
yet determined, but it is at least a possible explanation of an otherwise 
unexplained phenomenon. 

COROZAL UMKSTOXE 

Just southwest of the town of Corozal. as one crosses the river at the 
ford on the road to Barros. can be seen an outcrop of limestone. Olosc 
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inspection shows that it is a dense, grayish, brittle ro(rk, comparatively 
easily dissolved, as is indicated by the few outcrops tliat rise above the 
residual soil. Moreover, the limestone is strongly fragmental. It con- 
sists of angular limestone fragments, usually less than 2 inches in diame- 
ter, and occasional particles of feldspars or ferromagnesian minerals, 
thoroughly boimd together by a calcareous cement. Tlie strike ol* tbe 
IrnI is roughly N. W.-S. E. Its dip could not be accurately measured, as 
none of its structural relations could be determined from the few limited 
outcrops. The dip, however, was judged to be about l5"-20° N. K., 
since it was apparently conformable with the neighboring types whicli 
show approximately that dij). The thickness of the l>e(l is also uncer- 
tain, but it is not believed to exceed 100 feet. Tbis limestone can be 
followed from a mile southeast of Corozal until it plunges below the 
Tertiarv strata to the northwest. 

The origin of the fragmental structure, which is characteristic of this 
limestone, is quite puzzling. An examination of the rock under tlie micro- 
scope shows that the fragments are anguhir, indicating that they have 
undergone little or no transportation. Moreover, particles of feldspars 
and ferromagnesian minerals, which are ])erfectly fresh, occur with the 
limestone fragment*?, so one must also infer that consolidation took 
place very s(X)n after deposition. It is the writer^s belief that the Ira^- 
mental structure in the limestone is directly due to volcanic agencies. 
that is, brecciation was caused by volcanic eruptions which probably took 
])lace as submarine eruptions through a limestone l)ed. The shattered 
limestone was then deposited with intermingled feldspars and ferro- 
magnesian minerals, and the whole cemented by further precipitation 
of (-aCog from the sea. The presence of marine organisms in the inter- 
stitial CaCog makes it evident that the breccia was at least reworked by 
the sea, and the angularity of the fragments would indicate that the 
ejectmental material was thrown directly into the sea, or that the erup- 
tion itself was submarine. Such an explanation for the origin of the 
Corozal limestone breccia is not without its defects. The breccia is of 
considerable extent, yet no traces of the older limestone ])eds, wliich 
were shattered to form the breccia, could be found. It is possible that 
the locality just south of Corozal, where the brecciated stnicture is best 
developed, marked the locus of the eniption, and that in other unex- 
jMised portions of the limestone bed the fragmental structure might be 
lacking. In this case the fragmental material won hi l)e practically in situ, 
forming only a brecciated phase in the original linu'stone l)ed. If snch 
were the correct inter])retation, however, one would expect the breccia 
to contain a large amount of volcanic material. In reality it is com- 
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posed almost wholly of fragments of pure limestone, but it occurs closely 
associated with an extended series of bedded tuffs, indicative that the 
deposition of the limestone fragments occurred first, followed by that of 
the tuffaceous material. The Corozal limestone breccia contains abun- 
dant foraminifera, which will be described with the other foraminiferal 
beds under the discussion of the age of the older series. 

LA MUDA LIMESTONE 

Berkey (1915, p. 22) has described the occurrence of this limestone 
just east of the San Juan district near La Muda. The same limestone 
was found by the writer just south of the town of Guaynabo, where 
it is exposed in a small quarry as one leaves the town by the trail to 
La Muda. Its strike is N". 48° W. and dip SO*" S. W. The thickness 
of the bed w^as roughly determined as about 40 feet at this point. To 
the east, according to Berkey, its thickness materially increases. The 
formation could be traced along its strike for a distance of about 5 miles. 
Northwest of Guaynabo it finally disappeared under the heavy residual 
soil of the inner lowland. To the southeast no outcrops could be found 
beyond K 26 on the military road. It possibly continues farther, as no 
careful search was made for it east of the San Juan district. 

The Muda limestone shows a fragmental structure similar to that 
seen in the limestone near Corozal. It is not so striking, however, as 
tliat seen in the Corozal limestone, because of closer cementation of the 
fragmental material which gives rise to a dense, grayish-white limestone, 
in which the fragmental structure is only betrayed by its somewhat 
mottled appearance. Microscopic examination of the limestone shows 
the fragmental structure well defined, as well as small amounts of 
tuffaceous material and foraminifera scattered throughout the cementing 
material. The limestone, on the whole, is very similar to the one at 
Corozal and both, no doubt, have originated in the same manner. The 
^fuda limestone is likewise closely associated with tuffaceous formation?. 

AGUAS BUENAS LIMESTONES 

Two miles south of the town of Aguas Buenas are the great caves of 
Porto Rico (Dinwiddie, 1899). These are developed along the strike of 
a limestone bed about 100 feet in thickness. The strike of this bed is 
roughly N. 50° E. and dip 20° X. W. In the valley of the Bayamon 
River, to the west of the caves, two limestone beds are to be seen, which 
an' apparently conformable. To tlie southwest the same beds may again 
he seen in the vallev of the Arrovato River, so the strike was closelv de- 
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termined by plotting the outcrops. The strike of these limestone beds is 
practically nonnal to the general strike of the formations throughout 
most of the district. This pronounced variance in strike indicates that 
the Aguas Buenas limestone beds are uneonformably related to the other 
beds of the older series. Above the thickest of these two limestones, in 
which the caves occur, is a coarse conglomeratic tuff which contains 
fragments of the older limestone. Beneath the limestone are other tuffs, 
or rather tuffaceous limestones, which resemble Muda limestone, except 
that they contain larger amoimts of tuffaceous material. No forami- 
nifera or other organisms by which the age of these formations could be 
determined were found, but from the structural relations it would be 
inferred that the Aguas Buenas limestones lie below and are uneon- 
formably separated from the limestones previously described. The struc- 
ture of this area, however, was not satisfactorily worked out. If the 
area to the east of the San Juan district is eventually mapped, the rela- 
tionship of the Aguas Buenas to the Guaynabo limestone may be made 
clear, for the former should be truncated by the latter in the valley of 
the Ijoisa River north of Caguas, provided each continues that distance 
alon<: its lino of strike. 

LIMESTOXE AT K 29 

On the Comerio road, at K 29, a thin bed of impure limestone approxi- 
mately 5 feet thick occurs interbedded with tuffs and ashes. The lime- 
stone contains a large amount of tuffaceous material, being in reality 
merely a tuff that has been highly carbonated. Although insignificant in 
size, this limestone bed serves as a typical illustration of the frequent 
occurrence of limestones partly of volcanic origin, occurring intimately 
associated with volcanic sediments. Impure limestones were also noted 
on the trail from Barros to Corozal and in the lower vallev of the Bar- 
rancas River. 

JUAN ASCENCIO CHERT BEDS 

Northwest of the Aguas Buenas limestones in the barrio of Juan Ascen- 
cio there is a chert bed of considerable thickness, the strike of which is 
approximately parallel to the limestone beds (N. 50°-60° E.). The dip 
and thickness of the bed could not be determined from the few scattered 
outcrops that were found. This chert is a hard, dense, grayish white 
rock, which consists wholly of an exceedingly fine-grained aggregate of 
silica, showing an absence of any bedding. Just north of the ridge on 
which this chert outcrops a siliceous rock showing fine crumpling was 
discovered. A microscopical examination of this rock proved that it was 
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eissentially the same composiiion a^ the chert to tlie south, except that it 
was quite highly colored in the weathered outcrop by iroa oxidee. The 
first of these chert hetls probably originated through the silicification of 
i>uine sedimentar}' be<], either a limegtone or a catcareoiu ehale. The 
>^ecoiHl chert is either a phase of the ^me fumiation or a dilTt'reiit one, 
which slumped before Bolidification. SulKiMiiieDtly the formation was 
filicified. the intense crumpling due to solilluction being pre^'rved in the 
s*c<jnilarilv formed chert. Still later, the iron content of the chert has 




bi'i-M ii.\iilL;;i>[| tii iinionite and hematite which occur in l)an<ls rollowiii}; 
tlic iTuniiilcs. thus serving to emphasize the intensity of the iTunipled 
slniiturc (Kig. II). 



A !.(■-] 10 feet tlii<'k of J.is|.er w«s f.mii'l in the ("'..ronal Itivcr tw.. miles 
alum- till' town. Only one i>iit<'rii|i whs IncHteil. from which it appeariil 
thill tlic lied was cimfonmiljlc witji the surnmuding formations. From 
the anioinit of jasper float found in tlie streams it was inferred that the 
lied was of considcrflbh! extent. 
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SHALKS 

One might conclude from a hurried examination of the island that 
shales are commonly encountered in great extent, hut in reality typical 
shales are onlv occasionally foimd. Manv of the formations that have 
been recorded as shales are well-bedded ashes. Indeed, such a gradation 
exists between the shales and ashes that in some cases one cannot be sure 
in just which class a given formation belongs. All the shales found in 
the San Juan district contain some volcanic material. Many of them are 
composed almost wholly of ashy material. The intimate association of 
shales and ashes would lead one to infer that either might have been de- 
IK)sited under essentially the same physical conditions, that is, the change 
from shale to ash accumulation need not mark any noticeable change in 
the climatic or physical conditions under which they were deposited. 
Many of the shales are calcareous. Some contain such large quantities 
of calcareous material that they have formerly been regarded as lime- 
stones. Foraminiferal shells occur in some of the shales and occasionallv 
a shale is almost entirely ('oniposed of these minute organisms. 

The largest accumulation of shale in the district is near the town of 
Barranquitas, where the aggregate thickness of the shale series must be 
several thousand feet. These shales are very calcareous, so much so that 
they were originally regarded as limestones by Hill (18i)9, p. 108). 
They represent the calcareous extreme in tlie shale series, but strictly 
si>eaking they should not be termed limestone. The shales extend from 
about K 40 on the Comerio-Barranquitas road to a point a good distance 
south of Barranquitas on the road to Aibonito. They form the crest of 
the island in this vicinity, extending down some distance on eitlior side 
of the principal divide. The shales contain a goo<l deal of ashy and 
tuffaceous material and are locallv interbedded with aslies and tuffs. The 
strike of this series is roughly N. W.-S. E., which indicates that it is now 
simply a phase in the extended series of tuffs and aslies that form the 
basis of the island. 

On the Bayamon-Comerio road, at K 5, there is an outcrop of well 
stratified shales dipping 45° to the S. W. and apparently striking parallel 
t^) the general N. AV.-S. E. strike of the region. Fresli specimens can be 
obtained in the road cut, which when examined under tlie microsco})e 
show an exceedingly fine-grained texture. The material is in such a fine 
state of subdivision that nothing can be recognized except minute grains 
of quartz. The rock is very dense, with little or no pore space. Faint 
banding can be discerned in the hand specimen, but no orientation or 
l)edding is visible under the microscope. Berkey has suggested that these 
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shales may be equivalent to those exposed at Mayaguez and Fajardo. The 
material from Fajardo, however, is quite difTerent in appearacce. It is a 
light, porous shale, the porosity of which is due to Dumerons minute cavi- 
ties which apparently were previously occupied by foraminiferal shells. 
The leaching of these calcareous organisms has produced a porous struc- 
ture which is not to be found in the dense shales exposed at K 5. It is 
piissible that this shale may be equivalent to those exposed at Fajardo and 
Mayaguez, but the writer does not believe that correlation of such widely 
separated formations can yet be made with any degree of certain^. 




Ti/pical foraminiferal il 



In a road metal quarry just off the Comerio road, at K 8, there is an 
exposure of sandstone with included fragments of shale. The shale is 
dark, dense, and very fine- textured. Its occurrence as angular fragments 
in the sandstone leads one to infer that it has undergone much the same 
process of formation as the Corozal limestone breccia. This shale occur- 
rence is insignificant in size, but it is of great interest in that it contains 
numerous foraminifera, which not only indicate the conditions under 
which it was deposited, but also give an idea of its age (Fig, 12). The 
foraminifera will be described in the discussion of the age of the older 
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A somewhat extensive series of shales was discovered in barrio Pinas, 
southeast of Toa Alta. These shales are well stratified. Their strike is 
about N. W.-S. E. and dip 20 ** S. W. On the weathered outcrop the 
shale appears as a light, porous rock, which is composed of an aggregate 
of very fine, shaly material with numerous minute cavities, some of which 
are now filled with quartz and zeolites. These cavities were in part at 
least originally occupied by foraminiferal shells, which have been leached 
out and the cavities in part refilled with quartz and zeolites. A large 
percentage of them, however, is still empty and as a result the shale is 
exceptionally porous. This shale is very similar to a specimen collected 
by Berkey from Fajardo, but as yet too little is known about either of 
the formations to attempt any correlation. 

.\nother shale of similar character occurs in barrio Cuchilla, where the 
Morovis trail crosses the ITnibon River. The shale strikes N. W.-S. E. 
and dips 30** to the N. E. It contains a great deal of ashy material, to- 
gether with numerous foraminifera. The formation might equally well 
be described as a volcanic ash series that has been thoroughly reworked 
and assorted by the sea. 

SANDSTONES 

Pure quartz sandstones are almost unknown in Porto Rico. This is 
due to the fact that so few of the rocks contain quartz in any appreciable 
cjuantity. Only the granites and rhyolites, which are comparatively rare 
in the San Juan district, could afford a source of quartz sand, so it is not 
surprising that quartz occurs only as an unessential constituent of the 
sandstone formations. The few sandstones that are found in the district 
are composed chiefly of tuffaceous material that has l)oen well sorted and 
somewhat rounded by stream and wave action. 

The most interesting occurrence of sandstone that was found is to be 
seen in the quarry at K 8 on the Comer io road. It is a dense, medium- 
grained, dark greenish rock showing good bedding and containing numer- 
ous inclusions of shales. The formation dips 42° to the S. E. and appar- 
ently strikes N". 65° E. This is nearly normal to the general strike of 
the district, and agrees more closely to the limestones south of Aguas 
Buenas than with the conglomerates and tuffs just to the south. It is the 
writer's opinion that this sandstone is of limited extent, representing an 
ancient delta or fan. Such a theory of its origin would explain its ab- 
normal strike. The sandstone is composed of a granular aggregate of 
ferromagnesian minerals, feldspars, and occasional grains of quartz. This 
material is undoubtedly of volcanic origin. In other words, this sandstone 
is merely a fine-grained tuff, the constituents of which have been some- 
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what roiiiuleil and assorted in being transported from the point of erup- 
tion to the i)oint of accumulation. The angularity of many of the grains, 
and especially of the shaly fragments, leads one to infer that the material 
has not undergone extended transportation. 

lu barrio Padilla, where the Corozal-Morovis trail crosses Piedras 
Muollas Creek, there is an interesting occurrence of arkose sandstone. 
The sandstone is a medium to coarse-grained, greenish rock, consisting 
of an aggregate of feldspar and quartz grains with interstitial chlorite. 
The feldspar grains, which are predominantly plagioclase, are somewhat 
nmrky, but no actual decomposition has yet set in. This sandstone also 
is essentially a volcanic tuff. The presence of such a large percentage of 
unaltered and angular feldspar grains indicates that the material was 
deposited almost at its source. 

A fine-grained, reddish quartzite was discovered in barrio Santa Olaya, 
just south of Helechal Peak. This was the only sedimentary rock found 
in the district that consists chiefly of quartz. It appears to have been first 
deposited as a fairly pure quartz sand. Later this sandstone was further 
silicified, probably under some degree of j)ressure, as a faint orientation 
of the grains can now ha seen. The quartzite apparently does not repre- 
sent the product of regional or contact metanK)r])hism, but is merely a 
highly silicified sandstone. 

COXCJLOMKIJATKS 

Conglonicrate beds an* freciueutly found in tbe older scries. In aggre- 
gate they form a large percentage of its total thickness. They are, how- 
ever, much more abundant on the southern than on the northern side of 
the island. The conglomerates occur in l)elts trending N. W.-S. E. or 
parallel to the major tuff series, which apparently form the backbone of 
tlie island. It has been suggested that the conglomerate belts represent 
breaks in the older series, separating it into disconformable or j>ossibly 
unconformable groups. 

The only important conglomerate that was found in the San Juan dis- 
trict can be best seen hi the cuts along the Comerio road at K 12-13. 
This is a l)oulder conglomerate, which must be over 500 feet thick, though 
there are not enough outcrops to determine its exact thickness. Its strike 
is about X. W.-S. E. The material of which this conglomerate is eom- 
])osed is almost entirely volcanic in origin. The boulders are chiefly 
igneous rocks, especially andesite i)ori)byrios. Occasional boulders of 
older tuffs were also found. It is possible that this conglomerate was 
formed by the erosion of some older tuff formation, l)ut it is more i>rol)- 
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able that it represents an accumulation of tuffaceous material directly 
derived from volcanic sources, and rounded by stream action during 
transportation to its point of deposition. This view is supported by the 
fact that the material is exceedingly poorly assorted. I^rge boulders and 
very fine tuffaceous material are intermingled in all proportions. If this 
conglomerate were produced through the ordinary agencies of stream 
erosion, some assortment of the material would !)e expected. 

The conglomerates are in many places closely associated with igneous 
activity. At K 12.5 on the Comerio road a felsitic dike, 10 feet thick, 
intrudes the conglomerate (Fig. 11). At other points it is intruded by 
larger igneous l)odies. Northwest of Aguas Buenas, in the bed of the 
Bayamon River, there is a conglomerate which appears to have been satu- 
rated by the still molten magma, for boulders can now be seen in a crys- 
talline matrix. The phenomenon has been reported by Berkey as occur- 
ring in some of the conglomerates on the southern side of the island. The 
extensive series of Muda tuffs also shows conglomeratic phases, but as this 
formation is essentiallv a tuff, it will be described below under that head. 

TUFFS 

The conglomerate formations in many places grade imperceptibly into 
bedded and massive tuffs, wliich constitute the most abundant rock type 
that is found on the island. They occur in an extensive series of great 
variety, forming the most dominant structural feature of the older series. 
The tuffs for the most part are massive in structural habit. Bedded tuffs, 
however, are frequently encountered wliich have l)een worked over and 
somewhat assorted during deposition. The finer material shows better 
bedded structure, and tlie finest ashy material is often perfectly bedded. 

The tuffaceous material shows a goo<l deal of variety in composition. 
For the most part, however, they are comjmsed of fragments of igneous 
rocks, predominantly the poq)hyritic andesitic type, so that this variety 
may be termed andesitic tuffs ; yet a close examination of a large amount 
of the volcanic material reveals the fact that practically all the rock 
types of the older series are represented. Fragments of all the important 
igneous rock types were found, as well as occasional fragments of older 
tuffs. At K 7.5, on the Comerio road, a tuff containing numerous frag- 
ments of limestone was found. The limestone fragments are dissolved 
out on the weathered surface, giving the tuff a pitted aspect. Near this 
point is the tuffaceous sandstone which contains large fragments of shale. 
It is evident, therefore, that the tuffaceous material, tliough of general 
andesitic composition, contains a large variety of rock types of different 
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composition, some of which locally constitute large portions of the entire 
tuff formation. 

The composition of tlie tuffs is often locally modified by the intrusion 
of igneous rocks. The cutting of tuffs by igneous dikes and larger intru- 
sions usually has little effect upon them, but it often happens that the 
magma, while still molten, has permeated the tuff and there crystallized, 
forming a tuff with a crystalline matrix. In consequence, it is often 
exceedingly difficult to distinguish between a tuff that has been invaded 
by an igneous magma and a true intrusive igneous body that contains 
numerous inclusions. 

The tuffaceous rocks are especially liable to alteration and modifica- 
tion. As they are usually poorly consolidated when first deposited, they 
form mediums readily permeated by aqueous solutions of all kinds. Con- 
sequently, many of the tuffs have been so highly altered that their original 
structure is almost wholly obscured. The commonest process that has 
modified the tuffaceous rocks is a thorough silieification, which changes 
the formerly non-resistant tuff to an indurated, exceedingly resistant 
rock. Silicified tuffs of this character underlie the most pronounced 
topographic features of the island. In the San Juan district it was 
noted that they formed both Torrecilla and Helechal peaks, the two most 
prominent features in the topography of the whole district. The latter 
peak rises abruptly from a rolling surface of about 500-800 feet in alti- 
tude to the height of 1800 feet. 

It would be impractical to describe individually the numerous tuffa- 
ceous formations of the district. Thev occur in N. W.-S. E. belts and are 
especially well developed in the southwest portion of the district. In 
this region they form practically all the country rock, with the exception 
of the tuffaceous shales and igneous intrusives. An excellent develop- 
ment of tuffs can be seen along the entire stretch of road from Barran- 
quitas to Barros. In the vicinity of Comerio they are also well developed. 
The Muda tuffs represent the most extensive series found in the north- 
eastern portion of the district. These also strike N. W.-S. E. and their 
aggregate thickness is probalxly several thousand feet. They are well 
exposed in the bed of the Guaynabo Kiver, and also along the Guaynalx)- 
IMuda-Aguas Buenas trail. 

ACJE 

The distinctly older ap])ea ranee of the older series, as well as its highly 
tilted position, leads one to infer that an erosion interval of some magni- 
tude separated it from the overlying coastal plain. "Moreover, the evi- 
dence of extraordinary ifrnoous activity throu<rhout the deposition of the 
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older series and its complete absence in all the subsequent formatioDS 
indicate either an extended time interval or a rather sudden change in 
physical conditions. It was the consideration of these points that led 
the first observers to regard the older series as probably Paleozoic in age. 
This idea, however, was soon abandoned; for, as above noted, Cleve, in 
1868, suggested that the formations of the older series much resembled 
the Cretaceous of the neighboring islands. Hill later confirmed this view 
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Fio. 13.— CSort ihoicfiifr rfte r«laiir« poaillunt v{ IHe princinal foiamiiiltcral teds 

1. CDlboD abate. 

2. 8b>lc InclaBtona In the sandgtone at K S, Ccmn'rlci ltoii<l. 

3. Coroial llniMlone. 

4. Uada llmeatoDe. 

by the discovery of the Cretaceous fossil Rudistes in a prayisli limestone 
bed that strikes from Cabo Rojo eastward to about 15 kilometer? north 
of Ponce on the Adjontas road. 

The formations of the older series of the San Juan district are, with 
the exception of certain foraminifera, almost universally unfossiliferous. 
The few other forms that have been found come without exception from 
the southern side of the island. In the upper part of the series, in the 
San Jnan district, the beds of foraminiferal shales and limestones which 
have been mentioned serve to throw some light on the age of the series. 
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On th«:* jinoiiipaiiyiii«r cliart (Fig. lo) the four most iini)ortant of these 
formations have hwn in<licate<I nuiiiericallv : 

1. luihon shaJr, at juncture of the Morovis trail and Uniljon Uivcr. 
Strike, \. W.-S. K. Dip. ;iO° X. E. 

2. Shalt* fragments in mruhlom* at K .s\ C'omerin n»a<l. Strike, N. 
r»:>" E. Dip. J2° S. E. 

»I. CoroznJ Hmrsionc breccia. Strike. N. W.-S. E. Dip, 15-20** X. 
E. (?). 

I. Mwfa limt'sfonr. Strike. X. W.-S. E. Dip, ;J0° S. W. 

Tlie TnilMm shales siiow typieal ihalk foraminifera (Up|)er Creta- 
ceous). Since onlv sections of the forms are ol)tainable, it was often im- 

« 

p<»ssihlr (h»finiteiy to determine the spe<Mes. Through tlie assistance of 
Dr. I{. M. Bagg, of Appleton, Wisconsin, the writer was able to reoog:nize 
a sufficient number to leave little doubt as to the age of the formation. 
The following forms were identified: 

Gloh'njeriua ere farm, d'Orbignv^ (PI. Ill, 1). 

(ihhif/enna huUoides, d'Orbigny.* 

Tninrnfulina lohatnla. Walker and Jacob" (PI. TIT, 2). 

XofJosarui romminiis, d'Orbigny* (PI. Ill, 4). 

XofJosariH fnrrhnrn. Soldani.' 

Tf'.rfu/aria sp. 

While none of these f(»rms is a conclusive index of the chalk horizon, 
yot considering their abundance and general aspect, they could hardly 
be regarded older than I'p|>er Cretaceous. 

A foraminift'ral fauna verv similar to this was found in the shale at 
K S. Its forms are even more like those characteristic of the English 
chalks. This fauna comprises : 

filoh If/rrinn rreldren 
(ilohif/fn'na bulloulvs 
Orbniina nniversn 
Tninrnfulina lohniula 
Tcrlulnria f/lobuhsa (PI. II F, 3) 
and a few Hotaline forms. 

The foraminifera of the two limestone beds are essentially the same. 
Thev are characterized 1)V numerous ^liliolidas as well as Rotaline and 
Textuhiria-like f(»rms. In these limestones were found: 
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MUioKna seminulum, Linn6 (PI. Ill, oa, Ga, Gh). 
Nonionina sp. 
Pulvinulina sp. 
Textularia sp. 
Truncatulina lobatula ( ?). 

Though few species could be definitely determined, owinj; to the altered 
condition of the limestones, yet the general apiM?arance of the material 
under the microscope was that of a typical Miliolina limestone, which 
suggests lower Tertiary age. These limestones, however, lie iinconform- 
ahly below the Arecibo formation, which is not later than Olig(K*ene. 
From these species one may be forced to conclude that the upper part of 
the older series of the San Juan district is of E<K*ene age. 

The lower members of the older series are whollv unfossiliferous. It 
is the writer^s opinion, however, that the older series as expressed in this 
district is entirely post-Jurassic and pi'obably post-Conmnchic in age. 

SUMMARY 

The material composing the limestones, shales, and conglomerates, as 
well as the tuffs and ashes of the older series, is in great part derived 
from volcanic sources or through volcanic agencies. 

The discordance in strike of some of the limestone beds, especially 
those near Aguas Buenas, indicates tlie presence of an unconformity in 
the older series, the limestones being older than the rest of the series. 
'J'he conglomerate belt that extends across ])art of the district may also 
Ik? taken as an indication of another break in the series. 

The low content of inert refractory material in the rocks of the older 
series gives rise to an impervious soil that clings tenaciously to excep- 
tionally steep grades. 

Many of the formations show the effects of subsequent alteration. The 
tuffs are especially liable to the attack of modifying processes which have 
resulted in many cases in their being altered to extremely indurated and 
resistant rocks. 

The formations of the older series are everywhere asscx^iated with igne- 
ous activity, expressed either as intrusions or l)y the invasion of liquid 
magma forming fragmental rocks with crystalline matrices. 

The age of the older series is regarded as Cretaceous in its greater part. 
The upj)ennost portion is doubtless Eocene, and it is probable that the 
lower part is Comanchic in age. 
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IGNEOUS ROCKS 

Modes of Occurrence 

In all parts of the island the older series is characterized by an abun- 
dance of igneous rocks, sho^dng a variety of forms and complex struc- 
tural relations. After the deposition of the coastal plain strata, igneous 
activity apparently ceased, for in these formations no igneous rocks of 
any kind are found. It is possible, but improbable, that poet-Oligocene 
intrusion has occurred in the older series of the interior, which has not 
affected the limestone strata of the coast. The modes of occurrence of 
the ignous bodies of the district are somewhat variable. Extrusive and 
intrusive rocks occur as lava flows, sills, dikes, and irr^ular intrusive 
masses, varying in complexity from a simple flow or single dike to an 
interrelated series of complex intrusives so intimately associated that 
accurate and complete differentiation is often wholly impossible. 

LAVAS 

The occurrence of lava flows in the San Juan district is comparatiTely 
rare. Several examples of such flows are to be found on the Com.erio- 
Barranquita,s road near K 35. At this point the lava flows occur associ- 
ated with bedded and massive tuffs, dipping at steep angles. The lavas 
often show a vesicular habit which distinguishes them from the sill-like 
intrusives. In this locality and near the Bairoa River just north of 
Aguas Buenas strongly vesicular lavas are found. The vesicules are often 
filled with quartz, calcite, and zeolites, forming a fairly well developed 
amygdaloidal structure. The liquid lava occasionally seems either to 
have permeated the underlying ash and tuff beds, or to have been satu- 
rated with ashy and tuffaceous ejectments, forming a rock of tuffaceous 
appearance but of crystalline groiindmass, which often proves very con- 
fiisin<r to the geologist. The lavas found were almost invariably ande- 
sitic in composition. 

SILLS 

The most abundant of the simpler forms assumed by the igneous rocks 
are the intrusive sheets or sills. These are conformablv intruded in the 
ashes and tuffs which are now tilted at steep angles or locally folded. 
The individual sills are usually thin, being often less than a foot thick 
and rarelv more than a few feet in thickness, vet thev are so numerous 

ft ft ft^ 

that thev add materiallv to the total thickness of the formation in which 

ft » 

thev occur (Fig. 14). Except where modified by subsequent disturbance, 
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ttie sills are almost perfect io form, and often siiow so indistinctly their 
intrusiTe nature that on weathering they are )iardly distinguishable from 
the neighboring strata. Incorporation of tufEaceous material by the in- 
truding magma frequently occurs, giving the sill u docidedly fragmental 
structure. Should such a sill occur in a series of tutfs composed of simi- 
lar fragmental material, it might readily 1>e entirely overlooked. 



Intruflives assuming the form of dikes arc 
Many of the esistinjr dikes were probahly overlooked < 



in the district 
mistaken for 




Fio. 14. — Dtartle poriihi/i 



more massive intrusives, where the outcro(>'ghowed none of the structural 
relationa. It Bometimes happens that a dr^e cutting some non-resistant 
formations auch as the conglomerate at K 1^.5 Comerio road, now stands 
out as a plainly visible topographic feature (Fig. 15). Such cases, how- 
ever, are rare, for a dike intruding an igneous body of similar composi- 
tion and resistance would only be revealed by a careful, detailed study of 
suitable exposures. Good exposures are to lie had along the carreteras 
and principal stream beds; elsewhere the residual soil is so widespread 
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that it is usually impossible to detenniiie the underlying strui-ture. The 
(likes vary in size from narrow stringers and apophyses from neighlior- 
ing intrusives to massive structures many feet in width. The dike rocks 
are usual Iv of felsitic texture. Xo relation between the coarseness of 
texture and the size of the dike could be discovered. The smallest dikes 
sometimes showed microgranitoid or even granitoid texture. The texture 
seemed rather to depend upon the conditions of intnision than upon the 
size of the intrusives. 

8T0CKS AND BOSSES 

• 

The majority of the intrusive masses of tlie district should he classi- 
fied as stocks and bosses, the term stock including all small batholithic 
intrusions, and boss being restricted to those stoc^ks roughly circular in 
ground plan. It is often difficult to make this distinction unless the 
boundaries of the intrusive are accuratelv known. The stocks of the 
San Juan district are as a rule small. In the bed of the Bavamon River 
a perfectly formed stock not measuring over 20 feet in diameter wms 
found. On the other hand, southwest of Morovis a large intrusive of 
granite covers an area of several square miles, and in other portions of 
the island intrusives 10-12 miles in diame»tcr have been found. Lar<re 
intrusives, however, are rare in the San Juan district. Only two, cover- 
ing an area of over a square mile, were located. The majority were less 
than 100-200 yards in diameter. Fragmental inclusions are character- 
istic of all the stocks of the district. In the larger ones these inclusions 
may be of large dimensions. ln*the granite southwest of Morovis inclu- 
sions of the adjacent tuffs measuring many feet in diameter were Ton ml. 
It frequently happens that the invading magma incorporates (inautities 
of tuffaceous material. Such a rock, after consolidation, will so resemble 
a massive tuff that it will often be confused with one. Several speci- 
mens collected from supj)osedly massive tuffs proved after microscopic 
examination to have a crvstalline structure. The variation from the 
massive crvstalline to the tuffaceous phase of an intrusive mav he so 
gradual that no line of demarcation can be made, or so sudden that it 
apf^ears as if the boundary of the intrusive has been ])assed and that the 
tuffaceous phase of the intnisive is a sei>arate formation of massive tntT. 

Tkxtlrk 

K<icks of felsitic texture ])roved the most abundant in the district. 
Almost all of these showed porphyritic habit, often not discernible in the 
hand s[)ecimen but evident from microscopic examination. An evidence 
of the almost universal tendency tpward the por])hyritic texture in the 
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feleitic rocks is that niauy of them show three generations of crystals more 
or less perfectly developed. The larger phenocrj-sts occur in a matrix of 
smaller phenocrysts and a felsitie groundmasa (Fig. 23). Tbongh the 
rocks are predominautly porphyries of felsitie texture, yet quite a variety 
of te.\ture8 and structm^ are eneoimtered in a study of much material. 
No true glasses were found, but a rock of vitrophyric texture, in which 
the glassy groundmass made up most of its bulk, was seen (Fig. 16). 




Fio. 16. — Pbo1oml<ruuraph of ritraphvr occurring north of CIdra 
E. KeLdHimr pbenocrj-stB alterrd lo pjildote. C. Chlorltlied glaa*r groundmaBa. 

Another specimen shows a peculiar radial, felt-like structure much re- 
sembling that of a natural slag (Fig. 22), Microgranitoid texture is 
conmioii among the larger intrusives. Rocks of granitoid texture are 
abundant and widespread, but none of the coarser granitoid rocks showed 
prniiouiK-ed porphyritic testure. 

CoUPOSITIOS 

The igneous rocks of the district are fairly uniform in composition. 
The predominant type is an andesitic, or the coarser-grained dioritic 
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equivalent. The widespread occurrence of andesitic tyi>es is noticeable in 
the fragmental material constituting the ashes and tuff as well as in the 
igneous rocks in situ. Many of the tuffs are wholly made up of andesitic 
material. However, when one is afforded the opportunity of examining 
a variety of material, such as is to be seen in the boulder beds of any of 
the streams that drain a large area of the older series, one soon realizes 
that considerable variety in composition is represented. In examining 
petrographically the material brought from the district, the writer found 
almost every variety of the igneous rocks from acid to medium composi- 
tion. Basic rocks, however, were uncommon ; basalts and olivine basalts 
being rare, and typical gabbros or more basic rocks almost unknown. 

As almost every square foot of the older series is intruded or modified 
by igneous rocks, it would obviously be impossible to attempt to describe 
each individual intrusive or to locate them geographically. Accordingly, 
they have been grouped on a basis of composition, and the more important 
members of each group will be briefly discussed. The gradations from 
one group into the next usually proceeds so uniformly and gradually that 
the introduction of several intermediate groups is unnecessary. A com- 
prehensive classification of the igneous rocks of the district should include 
all of the following varieties : 

Vi trophyrs T rachy tes 

Rhyolites Syenites 

(jranites • Latites or Trauhv-aiidesitcs 

Quartz latites and Ehyo-andesites Monzonitos 

Quartz monzonites Andesites 

(Jranodiorites Dioritos 

Dacites Basalts 

Quartz diorites Olivine basalts 

VITUOPiri'RS 

These rocks are of rare occurrence in the San Juan district. On the 
trail In^tween Aguas Buenas and Cidra, about a mile north of Cidra, 
there is a prominent outcrop of a rook which jirovod on microscopic ex- 
amination to be a vesicular vitrophyr. IMienocrysts have for the most part 
l)een altered or completely weathered out, and the cavities since fill(Ml with 
epidote, chlorite, and quartz. The glassy groundmass is still fairly fresh, 
but there seems to l)e some indications of incipient devitrification. The 
rock shows a slightly fragmental structure and occasionally the outlines 
of former large crystals are to he seen, but these are believed to have been 
inclusions rather than original constituents of the rock (Fig. 16). 
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Bocks of rhyolitic composition are also quite rare. The best example 
was seen northeast of La Torrecilla in barrio Barrancas. This \& a 
porphyritic rhyolite with pbenocrysts of quartz, orthoclase, and mica in 
a fine-grained acidic groundmass. The whole rock has subsequently been 
highly sericitized (Fig. 16*). In the Bayanioii Valley just east of Hele- 
chal Peak a number of acidic intrusives were found, among which were 
several rhyolite porphyries. 




In c^bter. cmsfied dJcoIb. 



(Iraiiitic intnisivesi are widespread and fairly abundant. All of iIk»' 
Bludifd niieroscopit-ally provcil to he rich in woila feldspar, or that varifiy 
known iis soda granites. The large intrusive mass which coverj: an awa 
of several square miles Miuthwest iif ilorovis is of this composition. Thf 
rock is light-colored' witii scattered patches of the darker ferromagnesian 
minerals, and coarsely crystalliue in le.xturc. It is composed chieflv »t 
quartz, plagioclase, nrtlioclase. and hornblende, with scattered titanic 



SK1111E8. GEOLOOY OF THE HAS JUAH DISTRICT 



83 



niH^'rit^tite, and apatite crystals. This intrusive is especially interesting 
in tliaC it shows a well -developed poikilitic structure. The plagioclase, 
hornhleiide, and titanitc cr>'stals occur in the orthoclase, which shows no 
crystal outlino. The orthot^'Iase apparently crystallized last with the 
quartz, both now occurring as interstitial material (Fig. 17). Minute 
Ycinlets of secondary hornblende and actinolite occasionally traverse the 
rock for short distances. Minor copper impregnations were seen at sev- 
eral points, but these occurrences were of no economic importance. A 




sniailcr iiitrusivti of similar ciinipiisitinji was I'lumil mi Hie uuHiiitnin slupc 
just siiuth of Narnujito (Fi;;. IS). 



QUARTZ LATITKS AX[) HII VO-A.NUKSITLS 

ill the felsitic rocks where the individual cryslals that constitute the 
;rroniidnia(iS are too small to be ncniratfly determine)!, the finer distinc- 
tioTi in variety cannot be made. Accordingly, tlio quartz latite and rhyo- 
andesites, the felsitic equivalents of the quarts moLizoiiite and grano- 
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diorites, respectively, are grouped together. Felaitic rocks of this com- 
positioQ are occasionally found. They consiBt chiefly of quartz and lime- 
soda feldspar with notable amounts of potash feldspar and subordinate 
ferromagnesian minerals. Such rocks are also known as dellenites/ A 
typical example of this group is to be found north of Aguas Buenas. The 
specimcDB collected consisted of phenocrjsts of quartz, feldspar, predomi- 
nantly the lime-soda variety, and mica, in a fine-grained groundmass. 




Fiu. 18. — SodB 0rdnfl0 oeeurriHO touth of Haranjlla 
r. riugloclase (oIlEOClue). Q. Quarti. M. Magnetite. 8. Sericltlied feldspar. 

This rock occurs associated with other acidic rocks of almost the same 
composition, and is doubtless merely a differentiated phase of some larger 

intrusive. 

QUARTZ MONZONITES 

These are granitoid rocks eonsisting chiefly of quartz, medium plagio- 
clase, with considerable orthoclase. With these may occur biotite, horn- 
blende, or pyroxene. They are the closest associates of the granites and 

■BrOgger, 1805. 
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are often classed as such. They diifer only slightly from the soda-gran- 
ites already described, yet they serve to express a somewhat more alkaline 
step in the continuous series of intergrading varieties that is characteristic 
of the igneous rocks of the district. A small intrusive of this variety was 
found in the bed at the Bavamon River in barrio Sonadora. It is a 
massive granitoid rock of bluish color, made up of quartz plagioclase, 
orthoclase, and hornblende. The rock has subsequently l)een somewhat 
sericitized and carbonated. 

(JUAXODIOKITES 

The granodiorites are granitoid rocks of nearly the same composition 
as the quartz monzonites. They contain less potash feldspar tlian the 
latter and more of the lime-soda varieties, that is, thcv are intermediate 
in cianposition between thequartz monzonites and quartz diorites. South- 
west of Naranjito, in barrio Cedro Abajo, a fairly large intrusive of this 
composition was encountered. From a casual examination it wouhl Ik? 
classed as a granite, but under the microscope it is seen tx> consist chiefly 
of quartz and plagioclase (oligoclase) with subordinate ortliochise and 
hornblende and scattered crystals of magnetite, titan itc, and apatite. 
This intrusive shows striking mineralization, which apparently took place 
in two stages; first, the introduction of additional magnetite, then sul- 
phide solutions entered and deposited ])yrite around the magnetite grains. 

DAC'ITKS 

Those rocks of andesitic composition which contain appreciable amounts 
of quartz are here groupeil as dacites or quartz andesitest This variety 
is rare and only one typical example was found among the rocks studied, 
which occurred on the military road near La Muda. It is a porphyritic 
dacite, consisting essentially of phenocrysts of plagioclase (oligoclase), 
biotite, and quartz. All the constituents have been somewhat altered, 
especially the biotite, which has been replaced by chlorite, carbonates, and 
bleached mica. The intrusion has taken place through a series of coarse 
tuffs, and some of this material has been incorporated into tlie intrusive 
itself, giving it a fragmental structure. 

QUARTZ niOUITKS 

The quartz diorites are more abundant than their felsitic equivalents, 
the dacites. Two miles southwest of Morovis an intrusion of this variety 
occurs in the large intrusion of soda-graniU* already descril)ed. Another 
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example was found at K 5 on the Comerio road. This is, no doubt, 
merely a more acid phase of the adjacent diorite intrusives (Fig. 19). 

THACHTTES 

Trachytes consisting chiefly of orthoclaee and biotite or hornblende or 
pyrosene are comparatively rare. The majority of the trachj-tic rocks 
sliow more of the alkali -feldspars. These in turn grade into the latites 




Q. Qua 



Flli. ID.— guord dioi 
P. Plattioclaw. II. I-yro 



M. Magnet Up. 



and aiidcsitei!. Ty]>ical trachytes, however, were occasionally found. 
Near K 1 7, on the Comerio road, one was found, another about a kilo- 
meter southwest of Hplechal Peak, and on the trail half mile north of 
Oidra a trachyte was noted tlmt showed fairly well -developed trachytic 
structure (Fi;:. 20). 

STEN'ITKS 



Till' f:rriinitf>id fi|ULviilc'uts 
lie trui' r^vcnite was fotiiid 



ctf tlif tracliytes are very uiiconimon. Only 
it) tin- material examined under the micro- 
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scope. Tliia iras an intmsiun occurring at K 20.o (Comerio rua<l ) com- 
[HKtt^l almost entirely of ortlioclai* with minor amount!^ of iiia^iiM'laae, 
liornblende, and mafmotite. 

I^ITITES (Tlt-ICHY-ANDESITES) 

TIh-i<« are felaitic rocks conipuseil of jHttash feld^jtar and lime-soda 
feldspar in approximately ecjual amounts, with sulwrdinate fcrromagne- 
staii minerals. They are very abundant throug)iout the district, forming 
the .«ocond most important type that is found, and hein^ alnmst as widely 




di.stributtd as the related iindr.-^itu,-;. Tlicy iirc usually p(ir|iliyritic in 
to.xture, occurring as small iiitrusivcs anil tloM's. sdmctiinrs sliowinif 
aniygdaloidal habit. Uiopsidc U the chief fcrroniajriiesiini mineral. Oc- 
casionally hornblende form;; an important ronslitueut, and rarely hiotite. 
iiiome secondaiy alteration has taken place in all the material examined. 
Sometimes alteration has advancM so far tiiat the orijiiual constituents 
cannot l>e absolutely ileterniined. The commoner alteration products are 



SCIENTIFIC HVRYEY OF I'URTO RICO 



eericite, chlorite, epidote, and calcite. Kaolio, iron oxides, and leucoxene 
also fre<juently occur in appreciable quantities. Since the latites are not 
distinguishable from the andesites in the field, no attempt will be made 
to list their occurrence, ilany of them were there simply designated as 
andesites, and no specimens were collected for microscopic studv (Fig. 
21). 

ltON!!ON'ITl':S 

The nionzonites, or granitoid equivalents of the latites. are much less 
widely distributed. Many of the intrusives simply termed dionte in the 




t ]Wad with epiilole and iron ori^e* 
;. EpWote. H. HemalKe. C. Cultj. 

lield could probably have been referreil to this group had they been ex- 
amined microscopically. Two intrusives of this variety are to be found 
on the Oomerio-Barranquitas road at K 35..'> and K 39.7. They are 

niicrogranitoid rocks, consisting of lath-shapetl orthoclase and plagio- 
clase crystals arraiigoi in a coarse, felt-like aggregate with subordinate 
nniounts of pyroxene and hornblende. 
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The andesites are the'most abundant as well as tlic nio^t widespread of 
the igneous rocks. They are usually of porphyritic texture and atisunie 
all the structural forms that are represented in the district. The essen- 
tial constituents are plagioclase of medium composition (oligoclasc and 
andesine), and lesser amounts of orthoclase, pyroxene {usually diopside), 
and hornblende. Certain varieties of the andesito porphyries in which 




Pig. 3'J. — An andeiitt porphvv 



the phenocrysts were chiefly feldspar showed a spotted appearance due to 
the white feldspar phenocrysts in a dark groundmass. Other varieties in 
which the phenocrysts were composed chiefly of the ferromagnesiau min- 
erals had a darker and more basic appearance. Diopsidc is much the 
most abundant of the ferromagnesian minerale; hornblende occurs i 
quently, and biotite quite rarely. The present mineral constituents oi 
many of the andesites are largely the result of secondary alterati 
Some of them contain such large quantities of secondary carbonates thai 
they effervesce slightly in cold dilute acid. Sericite, chlorite, kaolin 
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upiiliiti', indi uxidi's, and iiuartz [fininiotily occur and occasionallv cuiisti- 
tutc a lar^e percentage of the entire nia^x uf t))e nfk. A few of the more 
striking nieiiil>er8 of tliU group are herewith briefly described. At K 17 
on the Comerio road a porphyritic horubleude andeeite was found. Se<'- 
ondary alteration had greatly changed tlic original constituents of the 
rock. Till' original outlines of the hornblende phenocrysts could lie 
clearly seen, though the hornblende itself had Iieen changed into sericite. 
calcitc. mid chlorite, .\nother hornblende andesite was found at K 41 on 




'. I'lHKli 



■hrjH..>;<.ll« 



■.u]. 



of Ciiguat!. On the Barros-C-orozal trail an 
■i| andesite imrplLvry was founil. The rock consisted chiefly of 
mill ])]ngiiK-lnsi'. Three distinct generations of crystals were 
Another epitlotized andesite is located juat north of .\gnus 
■ near tlie river Bairoa. This is an amygilaloidal andesite with 
cpiiliite (ijling the ciivitie.=. On ihe (,'onicrio road at K5 an andesite 
porpliyry with a rem ark a hie radiating, felt-like grouudmass was discov- 
ered. ![:' structiiri' resembles very much that of a natural slag (Fig. 22). 
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One of the two largest intrtteives ill the district is aii aiidesite porphyry. 
It occurs just south of the Orocovia River on the Moro vis-Bar roa road. 
■.-xtetKliiig out of the district on the west. Large phenocrysts «f light- 
I'lilored feldspars in the dark groundniass gives the rock a spotted appear- 
ance. It is in this rock that the copper proBpecte of barrio T'nsto occur. 
From microscopic examination it is seen that this rock also tthowti three 
generations of crystal growth. Large phenocrysts occur in a |>(>r])hyritic 
matrix of smaller, lathe-shaped feldspars and a felsitic gmundmasit 
(Kig. 23). 




Iiitrusives of dioritic composiitioii are of frefiuent occurrence, though 
not so widespread as the andesites. They art; as a rule dense, massive, 
dark bluish rocks often showing large plienocrystp of pyroxene. They 
consist chiefly of plagiocla^c feldspar and pyroxene, with sulwrdiiiate 
amounts of orthoclaee and hornblende. Iliopside is much more abundant 
tlian augite. Many of tlie ilii)rites show rragnieiitHi stiucture. Some of 
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them have iucorporated so much fr^meotal material that they may be 
mistaken for tuffs. The diorites are uniform in composition and general 
appearance, and when not modified by ioclusione are readily recognized 
in the field (Fig. 24). 



^lany of the andesitic rocks might be mistaken for basalts by the casual 
observer, but tt'pical basalts are decidedly rare. Basic varieties of ande- 




sitvs wlii(Oi liave Ih'cii calleil basalts arc more common, but all of these 
rwWs, tlioujrh basaltic in appearance, show only the intermediate varieties' 
of tlie plagioclase feldspars. At K 12, on the Comerio road, an amvfrda- 
loidal porplivritie rock of ba.saltic appearance intrudes the tuffs. It is 
composed of lath-sliapcd phenocrysts of plagioclase in a dark, basic 
gniunilmass of ferroraagiiesiaii minerals. The vesicular cavities have 
l>ecri filled with quart;; and zeolite. While this rock has a typical basaltic 
appearance, the plngiwlase shows low extinction anfrlcs (loss than 10°). 
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which indicate that only the acidic varieties are present. Hence the rock 
should correctly be classed as a basic andesite. 

OLIVINE BASALTS 

Only one olivine basalt was found in the material collected for micro- 
scopic study. This was an intrusive body about two miles south of Coro- 
zal. It is of porphyritic texture, consisting of phenocrysts of olivine, 
and, to much less extent, plagioclase, in a groundmass composed chiefly 
of plagioclase and magnetite. The olivine was largely altered to serpen- 
tine and chlorite. The feldspars have likewise been so chloritized that 
their exact composition was indeterminable (Fig. 2.")). 

Xo rocks of gabbroic or more basic composition were found in the dis- 
trict. 

Summary 

Xo definite conclusions can yet be drawn as to the exact range in 
composition of the igneous rocks of the <listrict or their relative a])un- 
dance, for bv no means all of tlie iorneous bodies liave vet l)een located. 
In the present survey all of the larger instrusives were located, and many 
of the smaller ones, where well exposed in stream beds and along the 
carreteras. There remains undiscovered a large number of minor igneous 
masses either covered bv the residual soil or located between the trav(»r8es 
that were made. Sufficient material has been collected and studied, how- 
ever, to give an accurate idea of the general range in (•omp(>sition and 
form of the igneous bodies. In the preceding pages minor ditforcMices 
and variations in composition have been unduly emphasized in order to 
give a correct idea of the relajtive range in composition, and the con- 
tinuous gradation that exists between the more acid and basic varieties. 
The usage of many of the varietal terms that have i)een introduced here 
would be inadvisable for ordinary field work and general description. 

The petrographic study of the igneous rocks of the San Juan district 
can be summarized as follows : 

(1) The structural forms assumed by the igneous rocks of the district 
are of various sizes and shapes. The sills and stocks occur most eom- 
monlv, while lava flows are rare. 

(2) The igneous rocks are predominantly felsitic in texture. Xo 
relation of texture to size of the intrusive could be observed. 

(3) The rocks of felsitic texture are almost invariably porphyritic. 
The porphyritic habit is sometimes poorly developed, but in some cases 
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chU:^ another break in tlie older series. To the southwest of this cou- 
;rloinerate the formations strike X. W.-S. E. with hardly an exception. 
Xortlieast of it outcrops are rarer. The shale beds for the most part 
appear to strike N". W.-S. E., but the sandstone at K 8 gives an excep- 
tional strike of X. iJ">° E. Xortheast of the conglomeratic Muda tuflfs no 
htriki'S were obtainable fnun the few scattered outcrops. Berkey, how- 
(?vfT, ncjted that the shales on the Military road south of Bio Piedras 
etrikc E.-W., and the tuffs farther south strike X. 20** E. 

Tlu? variations in strike over the northeastern portion of the district 
are at first very confusing, but when one considers that the material 
forming the sediments is of volcanic origin and was not derived from a 
single source, i)nt probably from many vents, it seems surprising that 
anv unifonnitv in strike would exist over an extended area. The vol- 
ijinic niat4^»rial ejected from a number of vents would be concentrically 
(Irpositccl around eiicli, forming a succession of local formations inter- 
fin;:ering with th<' deposits from neighboring vents. Intense igneous 
u(aivity has accompanieil the deposition of all this tuffaceous material, 
and finally the whole complex thus formed was uplifted and folded by 
sii])S(j(|ucnt dynamic movements. The end-product of such a aeries of 
events would be a volcanic asli heap of great complexity, in which ex- 
tended f^orios of conformable beds would be the exception rather than the 
rule. (^onsid<»ring Porto Who ns a portion of such a mass, one can better 
interpret the many complex and erratic structures that are to be found 
ns well as the local character of many of the fornLiitions wJiich are so 
confusing to one who attempts a solution of the areal geology of a por- 
tion of the island. 

FaT'LTIN'O 

Indirect evidences of faulting are abundant, but in no case was the 
disjdacement it-self visible nor the amount of movement determinable. 
Abrupt changes along the strike of certain formations indicate faultin<r 
oTi a large scale, but out<TO]>s were too scatt4?red to determine positively 
tlu'lr presence. Evidence of faulting on a small scale is much more 
abundant. Along the ("'(mierio road occasional shear and crush zones are 
visible, which apparently involve fault*? of some magnitude. The best 
examples (H'cur at K K and K '21.5. Tn both cases, however, the coni- 
]»lexity of the structure involved was so great that no accurate estimate 
of tlie amount of movement could be made. 
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Folding 

All of the sedimentary formations of the district show some folding 
or tilting. The limestones of the coastal plain have heen only slightly 
tilted. Their maximum inclination is not over 10^, and no indications 
of folding or warping within the formations themselves could be dis- 
covered. The beds of the older series are characteristically highly tilted, 
and in many places well-developed folds are to be seen. The folding is 
on a small scale and is confined to certain less competent shales and 
ash beds. The fact that the sediments generally dip towards the sea on 
both sides of the island would suggest the possibility of a large anticline 
with tlie axis along the crest of the island. Minor folds are not uncom- 
mon in the shale series that forms the divide in the southern part of the 
district. Moreover, this shale series is anticlinal in its larger structure^ 
with its crest just north of Barranquitas — a fact which gives additional 
weight to the theory of anticlinal structure for the older series as a whole. 

Metamorphism 

Xo evidence of regional metamorphism was found in the rocks of the 
older series. Evidence of contact metamorphism is also surprisingly 
scarce. The ampliibolite already described is the only rock found that 
might safely i>e re<rardod as due to contact effects. 

Mixou Structures 

C'ROSS-BEDDlNCf 

The San Juan sandstone shows well-developed cross-bedding of the 
eoliaii type. Berkey (1915, p. 43) has described with some detail the 
double cliaracter of the cross-bedding where it is best exposed near Art^cibo 

80UFLUCTI0N 

The crumpling, due to the slumping of certain formations, either from 
external pressure or from the force of its own gravity, gives rise to what 
has been termed solifluction. This type of structure was noted in sev- 
eral of the thinly bedded ash formations, but it was best developed in the 
tTuan Ascencio chert bed, which has been previously described (Fig. 11). 
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STBATIGRAPHICAL SUMMARY 

The geological history of the island of Porto Rico has already been 
comprehensively summarized by Berkey (1915, p. 58). Little can be 
added to this from the data collected by the writer, except certain changes 
in the age relations of the formations. Tlie. geological history of the San 
Juan district or that of the whole island, for the former involves practi- 
cally every step of the latter, still remains in great part micertain. An 
accurate and detailed statement of it can only be hoped for as an end- 
product of the series of investigations that are now in progress. Each 
investigator, however, can contribute his share toward the final result. 
The writer, therefore, re-summarizes the historical statement of Berkey, 
making those modifications which he thinks are justified by subsequent 
investigation. 

As stated above, the formations that compose the so-called "older series" 
were early recognized to be geologically young. While some of the shales 
and limestones have the appearance of being older than they really are, 
vet none of them is at all similar to the so-called *^aucient rocks" of other 
regions. The age of the lowermost member of the older series is still 
undetermined except in the most general sort of way. The discovery of a 
Comanchic coral by Mr. Hodge in the shales south of Cidra indicates that 
these shales, which apparently form the base of the older series, are no 
older than the Comanchic age. Flanking these shales both to the north 
and south are the succeeding members of the older series, which are, as a 
whole, younger. Such a succession of the members of the older series 
would suggest a large anticline extending across the island along the belt 
surveyed by the writer and Mr. Hodge. Other portions of the island, 
however, do not support this theory, for a section from Arecibo to Ponce 
shows no indication of the anticline. The writer merely suggests it for 
the San Juan district and the district to the south, because the shales 
which form the crest of the island at Barranquitas are anticlinal in struc- 
ture and are flanked on either side by younger formations. Whether the 
Barranquitas shales are regarded as the oldest formation of the older 
series or not, there still remains little reason for supposing that the base 
of the older series is older than Comanchic. Indeed, the whole of the 
older series might well have accumulated in a single geologic age, for all 
of its members give indications that their accumulation was, for the most 
part, a rapid process. 

The deposition of the various members of the older series was accom- 
panied by igneous activity on a very large scale. Great masses of volcanic 



l(}0 SCI EST trie 8VRVET OF PORTO RICO 

ejeetmenu were thrown forth to accumiilate in fan-like deposits both 
ab^ve and below sea leveL This was accompanied by periods of submer- 
gence daring which the shaly and calcareous beds were deposited, and 
periods of emergence in which the recently formed sediments were up- 
lifted and sometimes shattered by later volcanic outbursts. During the 
accumtilation of the older series there seems to have been no great change 
in the nature of processes that took place. No change of suflScient magni- 
tude occarred by which the series might be readily subdivided. It is true 
that changes in physical condition, such as would cause a shale or ash to 
accumulate instead of a tuff, frequently occurred — so frequently that 
these minor changes cannot be used as a basis for consistent subdivision. 
With the exception of the large conglomerate that crosses the greater part 
of the dif^trict from southeast to northwest, there is no formation which 
can be ufi^l as a definite division line. Other divisions are not even con- 
tinuous across the San Juan district, and might never be recognized in 
the adjoining districts. 

In early Eocene time this period of volcanic activity finally came to an 
end. Naturally^ from the time of the first volcanic outbursts portions of 
the island had been dry land. Toward the end of the period of volcanic 
activity the lower portion of the older series roust have been above sea 
level. This land-mass afforded the material for the late Cretaceous and 
early EfKreiie foraraini feral shales and limestones. It is probable, there- 
fore, that niufh of the island had been reduced to a submature or mature 
stage of toiK)graphic <levelopment before the final cessation of volcanic 
activity. As such activity completely ceased, erosion continued and the 
entire island was reduced to a peneplane or to an old stage of topographic 
development. The development and extent of this peneplane have already 
been discussed. Until the whole island is examined with this point in 
mind it will be impossible to say to what extent it was developed. The 
perio<l in which it culminated, however, was geologically short. Eocene 
formations are found beveled by the peneplane, and Oligocene strata lie 
above it. 

As the erosion of the older series proceeded, sediments were deposited 
unconformably around the margins of the island as it existed then. In 
shallow water, and doubtless in the estuaries and bays of the coast of 
that time, were first deposited a scries of shales. This phase of deposit 
was not well expressed in the San Juan district, but to the west it is rep- 
rosentod by the San Sebastian and Lares shales. This earlier stage in the 
deposition of the younger series probably occurred before the interior had 
l)eeii reduced to an old stage of development. As erosion continued, 
clearer water conditions prevailed and the lower shaly beds of the Arecibo 
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limestone were deposited. Later, after clear water conditions had become 
stable, the upper pure limestone and reef limestones were finally de- 
posited. 

At the beginning of Miocene time there was a marked emergence, and 
the early Tertiary limestones and shales were elevated to essentially their 
present position. This emergence was accompanied by warping, so that 
now these strata are inclined at an angle of about Q°. From that time 
until the present, these formations have been subjected to erosion, and in 
consequence the comparatively easily destroyed limestones and shales have 
been maturely dissected or almost completely removed. 

Since this emergence there have been frequent minor movements, ex- 
tending down to recent time — ^movements that have been rcorded in the 
marginal terraces by the occurrence of marine shells at considerable dis- 
tances up the larger river valleys, and by the partial submergence and 
induration of the San Juan dune sand. The latest movement has appar- 
ently been one of slight emergence. 

Berkey (1915, p. 60) summarizes the more important steps in the geo- 
logic history as follows : 

1) A long geologic period of volcanic activity, accompanied by marginal 
attempts at assorting of fragmental and detrital material and organic accumu- 
lation disturbed from time to time by renewed or extended igneous activity. 

2) A dying out of volcanic energy, greater stability of the mass with respect 
to elevation and subsidence, and erosional attack continued long enough to 
result in extended planation and partial base-leveling with final extensive sub- 
mergence. 

3) The development of an unconformable overlying series of shales, reef 
limestones and related deposits chiefly of organic origin, brought to au end by 
final re-emergence. 

4) The development of present surface features under stream erosion and 
marine marginal attack, with modification^ arising from oscillation of level. 

The geologic column of the formations of the San Juan district is the 
s^ame as that formulated by Berkey (1915, p. 61) for the entire island, 
with certain minor modifications : 

Recent alluvial deposits 

Submergence with marginal (playa) deposits 
Younger series 

San Juan dune sand (Pleistocene?) 
Submergence with terrace cutting 
Post Arecibo emergence an<l erosion (Miocene) 
Arecibo formation (upper Oligocene) 
Lares shales, etc. (Lower Oligocene or upper Eocene) not expressed 

in San Juan district 
Marked unconformity 
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Older series 

C^orozal and Muda limestones (Eocene) 

Foraminiferal shales and limestones (Unibon shale, shale at K 8, 

Comerio road) (Upper Cretaceous) 
Barranquitas shales and shaly limestones. Probably the base of older 

series (Comanehic ?) 



MINERAL OCCURRENCES 

Tliroughout Porto Rico there is evidence of widespread but apparently 
feeble mineralization, which has given rise to a variety of mineral de- 
posits of small extent and uncertain importance. Mineralization in the 
San Juan district has produced even less results than in other portions 
of the island. Prospects occur in considerable variety, but no extensive 
deposit was found in this district. Up to the present time none of the 
mining ventures that have been promoted in the district has proved a 
success. This, however, has not been due wholly to the low quality and 
limited quantity of the ores encountered, but is due partly to the difficul- 
ties in transportation and the mining methods employed. Without the 
exercise of caution and economy in the development of small ore bodies 
such as are found in the district, success cannot be expected. Much 
money has already been wasted by attempting more elaborate methods 
than arc warranted by the extent and quality of the ore occurrences. 

The prospector is soon impressed by the extent of the mineralization 
in the igneous rocks of the older series. Numerous examples of miner- 
alized igneous rocks have already been cite<l. An abundance of magnetite 
and pyrite are to be found in almost all the igneous rocks of the district, 
yet the resultant ore deposits are surprisingly small and unimportant. 
Native gold from quartzose zones and placers is the only metal that thus 
far has been produced in paying quantities. Indications of copper are 
abundant, but in only one locality does it occur in sufficient quantities to 
attract development. Non-metallic deposits of value are entirely want- 
ing, except, perhaps, limestones for road metal or similar uses. 

Gold 

PLACERS 

The principal gold placers of the island are located in the vicinity of 
Corozal. From the streams in this vicinity gold has been washed by the 
natives since the days of early Spanish occupancy. Tales of the great 
abundance of gold and the size of the nuggets found during those early 
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days are widespread and form a favorable subject of conversation among 
the older native panners. No statistics are available, however, either to 
disprove or verify these statements. It cannot be denied that a large 
amount of gold has been panned out of the streams of this vicinity in 
past time. At present the work is slow and tedious and pays poorly even 
in the most favorable localities. The native panner stands up to his neck 
in a pool, which he has dug in the stream bed, and assiduously scrapes up 
the fine sand in a cocoanut shell, separating the larger pebbles by hand. 
If the pool is deep he dives to the bottom for the sand. If ten hours of 
this work nets him eighty cents he is fortunate, for the average daily 
washings do not exceed fifty cents. Indeed, the peon prefers steady farm 
labor at forty to fifty cents per day to tlie precarious living he can derive 
from tlie stream beds. During recent years about 100 ounces of gold are 
annually washed from the streams of the island, the larger part coming 
from the Corozal district. 

Several years ago an unsuccessful attempt was made at hydraulic min- 
ing. A large dam was erected in the headwaters of the Corozal River and 
the water was conducted down l>y a 10-inch conduit to a point where the 
gravels were especially abundant in the same stream just above the town. 
Due to the difficulties in transportation, the cost of construction of the 
dam and conduit was very great, the material beiii<( brought some 20 
miles from San Juan to Corozal by ox-cart and thence into the hills by 
pack. Unfortunately, the conduit proved inadequate to withstand the 
pressure of so large a head of water and soon went to pieces. Tiie project 
was then abandoned for lack of funds and has never been roattenipted. 

Gold occurs not only in the Corozal and Xo^j^ros Rivers, but is to be 
found in minute quantities in ahnost every stream of the district. It has 
been washed in paying quantities from the Plata, Mavilla, Naranjito, 
Unibon, and Orocovis Rivers, but its presence in these streams is so rare 
that no regular panning is practised. 

AUKIFEROrS QFARTZ MINKS 

South of Corozal, in the l)arrios Xegros and Palos Blancos, some ex- 
ploratory work has been done in an attempt to discover the lode or veins 
which might have been the source of the placer <ro]d (see topofrraphic 
map ) . 

In the barrio Xegros some of the old Spanish workings have heon 
reopened in recent years, and two new shafts of shallow depth have been 
sunk in an attempt to discover a large vein. A so-called vein about 
three feet wide has l)een exposed. The country- rock is highly weathere<l. 
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hut appears to be an andesitic tuff. On close examination the vein proves 
to be a silicified zone composed of many quartz veinlets and stringers, 
none of which is over a few inches in width. These veinlets carry the 
gold, and when bunched in large numbers are workable. Neither the 
quantity nor quality of the ore can be depended upon, for it is no longer 
workable when the quartz veinlets become scattered. 

In the Palos Blancos mine the conditions are much the same, though 
this prospect has been more fully explored. The country rock is an 
andesitic tuff with associated intrusives. The silicified zone, or vein, is 
somewhat larger than in the other case, and has been followed by one 
tunnel some 180 feet. A fair grade ore could be concentrated, and one 
shipment was made to the States. Neither of the t^o prospects is now 
worked. The Palos Blancos mine might prove a success if properly devel- 
oped and capitalized. 

Platinum 

Occasional particles of platinum are panned out with the gold from the 
placers near Corozal. The metal is called plat a by the natives, who think 
it is silver. Although it sometimes occurs in quite appreciable quantities, 
the natives get nothing for it from the local buyers. The writer in pur- 
chasing the results of a day's labor from one of the native panners found 
that it contained, roughly, 20 per cent platinum : s<i in this particular 
ease the platinum content, discarded by the native as valueless, was ap- 
proximately as valuable as the gold, which locally brings only $12.00 an 
ounce. Such high percentages of platinum, however, are rare. 

Copper 

In the barrio Pasto, on the west central margin of the San Juan dis- 
trict, several copper prospects were visited and examined. These are the 
easternmost of a group of similar prospects that occur south of Ciales. 
The others, extending beyond the boundaries of the district, were not 
visited by the writer. The country rock is an andesitic porphyry, which 
has been described and figured on Fig. 22. This porphyry occurs as a 
large instrusive extending out of the district on the west. In this intru- 
sive the ore occurs as impregnations along cracks and fissures. Several 
of the prospects in this vicinity have been partially explored. The prin- 
cipal one was examined by an American mining company and one ship- 
ment of several tons was sent to the States for smelting. In this prospect 
the principal vein, or impregnated zone, is about four feet wide. This 
had been followed about HO foet into the liill. It is intersected bv several 



HEMMES, OEOLOOY OF THE SAS JUAX Dlt^TRJCT 105 

other similar veins of smaller size. It is evident that the porphyry has 
been fractured and subsequently was mineralized. The copper-bearing 
waters have followed these fractures and deposited in them the copper 
minerals, impregnating the neighboring porphyry for distances varying 
from a few inches to several feet. At the juncture of two of these min- 
eralized fracture quite a showing of copper is developed. In the speci- 
mens collected malachite, chrysocolla, and azurite appeared in the great- 
est abundance. Cuprite and chalcocite are rare at the surface, but may 
prove more abundant in depth. No idea as to the extent and quality of 
these occurrences can be had without further exploration. The ore bodies 
that have been unearthed in the ditches and tunnels of former explora- 
tory endeavors have been subsequently concealed by infalling detritus 
and dense vegetation, so not even an approximate estimate could be made 
as to the quantity of ore readily accessible. Tlie inaccessibility of this 
region has discouraged all attempts at the development of these prospects. 
The topography is exceedingly rugged and the distance from all means 
of transportation is considerable. At present the ore must he packed down 
to the valley of the Manati, from whence it can be carted to the main 
road. If the transportation facilities are eventually improved, these 
copper prospects may be successfully worked. 

Lead 

Xo occurrence of lead of economic value was found. A small ijuartz 
veinlet carr}'ing galena was seen in barrio Magueyes, south of Corozal, 
but no other indications of the presence of this metiil were found in the 
district. 

Mangaxesk 

In the same locality a thin bed of psilomelane was seen. Its extent 
could not be determined, but it did not appear to be of enough importance 
to warrant exploration. 

EoAD Metal 

Road metal is abundant in all parts of the district. The Tertiary lime- 
stone is extensively used as such on all the roads that pass through the 
limestone belt. It is said that the purer beds of the limestone give a 
good quality of lime on burning, but the scarcity of fuel makes this in- 
dustry impracticable. The tuffaceous sandstone at K 8, Comerio road, 
is quarried and used as road metal for the carretera for some distance. 

In the interior the andesites and massive tuffs are used and, where 
accessible, the interior limestone beds are quarried for this purpose*. 
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BuiLDixG Stone 

Many of the igneous rocks of the district that wouU make e-^cellent 
building stones are not, and may never be, quarried, owing to the limited 
demand for such material and the difBculties of transportation. In San 
Juan, where the local demand is greater, the San Juan sandstone is used 
to some extent in the residential section, chiefly in building foundations, 
since it forms a pleasing contrast to the cement. 

Guano 

Bat guano is found in many of the caves. Large deposits have accumu- 
lated in the eaves south of Aguas Buenas. These are locally used by the 
natives as fertilizer. 

ILLX\STRATIOXS 

Cross-skctioxs 

Soon after the writer began the geologic study of the district, it became 
apparent that the structure of the older series was in greater part too 
complex to be shown in even moderate detail on a geologic map of small 
scale. It was decided then to supplement the map by a few more detailed 
cross-sections. Therefore, careful traverses were made across the district 
along definite lines, so that three cross-sections might be constructed 
showing to some degree the complexity of structure encountered (see 
Geologic Cross-sections, Plate IV). The data collected in each case 
have been projected upon a straight line. In this way the windings of 
the road or trail have been eliminated and the normal proportions and 
relative positions of the associated formations more clearly shown. The 
section through Bayamon and Comerio is the most complete and accurate 
l)ecause of the better and more continuous exposures. The other two 
sections are based upon occasional exposures and are therefore somewhat 
more generalized. 

Maps 

The difficulty of obtaining a map of sufficient accuracy on which the 
geology might be plotted was soon realized. Available maps, however 
well adapted they might be for other uses, proved to be so unsuited to 
this particular purj)ose that it l)ecame necessary to construct a large scale 
topographic map before beginning the study of the geology of the district. 
The accompanying map is the result. It was constructed by means of 
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BriLDixG Stoxk 

Maiiv of the igneous rocks of the district that vvoiilJ make excellent 
building stones are not, and may never be, quarried, owing to the limited 
demand for such material and the difficulties of transi)ortation. In San 
Juan, where the local demand is greater, the San Juan sandstone is used 
to some extent in the residential section, chiefly in building foundations^ 
since it forms a pleasing contrast to the cement. 

GUAXO 

Bat guano is found in many of the caves. Large deposits have accumu- 
lated in the caves south of Aguas Buenas. These are locally used by the 
natives as fertilizer. 

TLIXSTRATIOXS 

Choss-skctioxs 

Soon after the writer began the geologic study of the district, it l>ecame 
apparent that the structure of the older series was in greater part too 
complex to be shown in even moderate detail on a geologic map of small 
scale. It was decided then to supplement tlie map by a few more detailed 
cross-sections. Therefore, careful traverses were made across the district 
alon^r definite lines, so that three cross-sections might be constructed 
showin<r to some degree the complexity of structure encountered (see 
(ieologic ('ross-sections, Plate IV). The data collected in each case 
have been ])r()jected upon a straight line. In this way the windings of 
the road or trail have been eliminated and the normal proportions and 
relative positions of tlie associated formations more clearly shown. The 
section througli Bayamon and Comerio is the most complete and accurate 
because of the better and more continuous exposures. The other two 
sections are based upon occasional exposures and are therefore somewhat 
more generalized. 

Maps 

Tlie difficulty of obtaining a map of sufficient accuracy on which the 
geology might be plotted was soon realized. Available maps, however 
well adapted they might be for other uses, proved to be so unsuited to 
tliis particular purpose that it l>ecame necessary to construct a large scale 
topographic map before beginning the study of the geology of the district. 
The aecomi)anying ma]) is the result. It was constructed by means of 
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the plane-table and telescopic alidade, the contours being sketchetl in 
from aneroid readings. The main roads and streams are shown with 
some degree of accuracy, and a reasonably correct idea of the character 
of the topography can be had from the contours. 

When one attempts to map an area of 500 square miles of country as 
complex geologically and topographically as Porto Rico, in a single sum- 
mer, any great degree of accuracy is manifestly impossible. The sub- 
divisions of the older series are necessarily somewhat arbitrary, for the 
members of the series, as a rule, do not maintain sufficient constancy to 
make close subdivision possible. Many of the division boundaries shown 
on the map are generalized or are compromises because there is a con- 
tinuous gradation between some of the formations. Even the boundaries 
of the intrusives are obscure in much of the area. Sonu* were located bv 
single or widely separated exposures in districts of almost continuous 
soil cover. The dominant rock type is indicated, however, in each case 
and the approximate distribution and general trend and relative impor- 
tance of the larger formational units are brought out hy the different 
color patterns. 
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I NTRODUCTION 

Location and Area 

This report ccners an arbitrarily bounded area, which occupies the 
south central part of Porto Kico/ and will be called the Coamo-Guayama 
district. This district occupies about one-eighth of the 3668 square 
miles belonging to Porto Rico and measures 23 by 20 miles. Adjacent 
on the north is another area, the side lines of which are a continuation 
of those of the Coamo-Guayama district. It is called the San Juan 
distrif't and has been described by D. R. Semmes.^ 

Purpose of Study 

The purpose of the investigations made by Mr. Semmes and myself 
is to give a geological cross-section of a typical part of Porto Rico. In 
addition, T will describe in some detail the complex geological structure 
and tlie peculiar rock types of exceptional petrogenetic history; I will 

> See Outline Map of Porto Rico, Volume I, Part I, p. 26. 

a The Geoloffy of the San Juan District, Volume I. Part I, pp. 33-110. 
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discuss the origin of the Coamo thermal springs, and attempt to present 
the data establishing the main events in the geological history of Porto 
Kico. 

Acknowledgments and Previous Workers 

Tlie author is grateful for much assistance in the preparation of this 
report. The investigation was made possible by the generous support 
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Academy of Sciences. The rigors of tropical field-work were more than 
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of the counsel and guidance of the professors of the Department of 
Geology, Columbia University, especially that of Dr. Charles P. Berkey. 
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Numerous travelers and scientific men have published observations ou 
Porto Rico, among whom are the following : P. T. Cleve, Brig. Gen. G. W. 
Davis, W. Dinwiddie, M. K. Domensch, Amos K. Fiske, S. H. Hamilton, 
R. T. Hill, J. S. Newberry, H. C. B. Nitze, T. W. Vaughan, W. J. L. 
Wharton, H. M. Wilson and C. P. Berkey. With the exception of 
Berkey (1915, p. 69), none of the above more than briefly mention the 
Coamo-Guayama district. The reconnaissance study by Berkey cleared 
up the fundamental problems in this district, and the results of this 
work have been extensively used in prosecuting the present survey. 

GEOGRAPHY 

The distribution of the essential geographic features is shown on the 
Outline Map. The area includes the City of Guayama in its southeastern 
comer and the villages of Cidra, Aibonito, Cayey, Coamo and Salinas. 
A magnificent road enters at the northeastern comer and leads south- 
westward through Cayey, Aibonito and Coamo toward Ponce. At Cayey 
a branch road leads southeastward to Guayama. A narrow-gauge rail- 
road and a wagon road traverse the coastal plain from west eastward to 
Guayama. 

The area is divided into a northern mountainous part, which occupies 
about two-thirds, and a southern low coastal plain. The mountains are 
devoted to grazing and to co£fee and tobacco culture. Large crops of 
sugar-cane are grown upon the coastal plain. The character of the 
drainage pattern is shown by the accompanying topographic map. 

Because the island lies across the path of the prevailing trade winds, 
there is a great variation in rainfall in the various parts. The northern 
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slope of the mountain ranges, where the moist trade winds are forced to 
rise, receives more than an abundance of rainfall. In the northwestern 
comer it is said to rain continuously week after week and the mountains 
at tliat season of the year are heavily clothed in mist In contrast to this 
tlie southern coast, wliicli is swept by winds deprived of their moisture, 
is extremely arid. Months frequently pass without a drop of rain falling, 
and during these periods all the vegetable life in areas not irrigated 
withers up and cattle must be driven to the interior. Because of the 
aridity an elaborate system of irrigation has been developed on the 
south coast, and to this all streams of the district contribute all or a part 
of their waters. 

The harbors are poor and exposed. Aguirre is the best, but tlie ap- 
proach to it is through a circuitous channel left by rapidly spreading 
mangrove swamps. 

PHYSIOGRAPHY 

Qexeral Statement 

Forming a southern border variable in width is a coastal plain which 
slopes gently upward from the shores of the Caribbean Sea to an eleva- 
tion of about 300 feet. North of the plain is an old-land composed of a 
rugged mountainous interior with a main belt of mountains, known as 
the Sierra do Caycy, extending from the northwest comer of the district 
southeastward ahnost to the southeast comer. Because the old-land is 
dissected to matiirity, broad sprawling spurs stretch southward and north- 
ward from the main range, and the mountains are not sharply separated 
from tlie plain, embayments of tlie latter extending northward between 
the spurs for many miles. Two major interior subsequent lowlands occur, 
one in the northeastern comer and the other forming a linear belt reach- 
ing northwest and southeast through the south central part of this dis- 
trict. 

Coastal Plain 

distribution and general character 

The distribution of the coastal plain, which will first be described, is 
shown by figure 1. It has an average width of four miles. Guayama. 
Coqui and Salinas are located upon its inner margin. An embayment of 
the coastal plain into the mountains reaches a point where the Guamani 
River crosses the road, anotlier reaches up the Salinas River to I^a Lapa, 
a third almost to Coamo and near the western border one extends almost 
to the Military Road. 
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The (.'uaiitai plain slopes gradually toward the eea. At (juayania tlio 
elevation is ^0 feet and at Coamo Springs it is £40 feet This gentle 
inclination is brokeu by niendip hills which rise like islanda above its 
general level, by wave-cut and river-built terraced, and by meandering 
and elighlly entrenched streams. The slope, the fine alluvial cover, and 
the gciiGrally undulating character of the plain make it admirably adapted 
for Biigar culture. 




Ch«rlta 1'. Berkey. 



Tlic few mcufiip hills form prominent landmarks, such as the two 
lar^c hills, TOO feet high, which lie just east of Guayama and are nearly 
surrounded by the coastal plain (Fig. 2). A group of low hills, the 
highest of which is 400 feet, occurs adjacent to the coast and west of 
Aguirrc Harbor and arc called Aguirre Hills. North of Aguirre Hills 
and west of Coqiii is a low linear mound 300 feet high, known as Monte 
ISahnlcr, There are two large hills occurring as detached portions of the 
inner mountains, one of which, north of .Salinas, is 600 feet above sea- 
level and the other, just east of Coamo Reservoir, is 300 feet high. All 
of these are portions of the old-land protruding through the alluvial 
ciiEstal plain. 
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Discontinuous linear swells of the coastal plain, 400 feet high, lie south 
of the mountainous tract and extend from Salinas River westward to the 
boundary of the district. 

TERRACES AND SEA CLIFFS 

Other features interrupting the general slope of the coastal plain are 
terraces and sea cliffs, of which two are well shown near Guayama, 
which is situated upon the highest of these terraces, 200 feet above the 
sea-level. The photograph (Fig. 2) shows very well the abrupt termina- 
tion of the terrace against the Guayama Hills in a sea cliff. Ninety feet 
below, as indicated by the arrows, is the largest terrace, which descends 
by a gentle inclination to the sea. 

Along the Rio Jueyes three sea cliffs are to be found. One occurs very 
near the coast, another a mile from the coast and the third, formed by 
the Cerro Raspado, occurs two and a half miles from the coast ; the outer 
margin of the lower terrace is 35 feet high. The outer margin of the 
upper terrace is 100 feet higher than that of the lower. Traced eastward, 
both disappear before Salinas is reached, but both can be traced westward, 
though much dissected, to positions north of Santa Isabel. The upper 
terrace is well developed just south of Coamo Reservoir dam where its 
outer margin is about 160 feet above sea-level and rises to over 200 feet 
at Coamo Springs. The lower two terraces are much dissected. The 
southernmost part of the Aguirre Hills has a poorly developed sea cliff, 
which forms the nearest approximation to a clifted promontory found 
in this district. 

COAST LINE 

Aside from local irregularities the south shore of the Coamo-Guayama 
district has an angular pattern. Thus a wedge extends seaward to Pta. 
Equilarte; another to Pta. dc Cayures; a third between Aguirre and 
Salinas; and a fourth south of Santa Isabel. Between each of these 
angular projections of land is an equally angular extension of the sea. 
This irregularity is due to drowning of the subsequent valleys which lie 
at angles to the coast line. 

Mountains 

distribution and character 

The dominating range in Porto Rico is the Sierra de Cayey and it 
passes through this district from the northwest to the southeast comer. 
The Sierra de Cayey forms the divide for all the rivers in the Coamo- 
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Guayaiiia district. Nowhere in this district is it cut through, but it has 
been maturely dissected, so that out from it to either side extend many 
sprawling ranges, some of which have been completely severed from the 
main range. Though its elevation in no place exceeds 4000 feet, never- 
theless because of its ruggedness and heavy v^^etable covering it is a most 
imposing and beautiful feature. 

The Goamo Springs is a homoclinal range (Fig. 17) which extends 
from the west central border of this district, with a general southeast- 
ward trend, to Salinas Hill, just northwest of Salinas. Aguirre Hills are 
thought also to be related to the Coamo Springs Bange and are so mapped 
in this report, though this relationship has not been proven. This corre- 
lation of the Aguirre Hills is based upon their alignment with the Cerro 
Raspado and upon the fact that they are formed of a limestone of similar 
character. The Coamo Springs Bange rises as a solid, abrupt wall 500 
to 1200 feet above the surrounding lowlands, having a steep northeastern 
slope and a gentler southwestern, with a width of about one-half mile. 
Its crest is notched by many wind-gaps and it is cut through by aeveral 
large superimposed rivers, which serve to divide it into divisions as shown 
by the topographical map. South of this range lie many smaller and 
lower hills created by the erosion of subsequent valleys by tributsries of 
the Coamo and Descalabrado Rivers. 

HEIGHT, RELIEF, DISSECTIOX 

Tlio average elevation of the Sierra de Cayey is 2600 feet in the eastern 
and 3000 feet in the western portions of this district. The relief of all the 
ranges is, perliaps, 1500 feet. The surface is dissected to early maturity 
and the texture in the interior is exceedingly fine. The slopes of the 
l^orto Rican Mountains are always steep and deeply dissected. Thus 
slopes of 40° are common. The mountain sides are always cut by numer- 
ous gullies producing a very fine texture. Knife-edge crests are common 
and are barely wide enough to give footing to the small Porto Bican pack- 
horses as they follow the trails upon them. The cause of these knife-edge 
crests is the character of the soil, which will stand up as vertical walls 
5 to 10 feet for a year or more without caving. Such a soil does not 
creep readily after streams have cut the slopes, but remains standing upon 
the divides until finally carved away by running water. Headward por- 
tions of streams on opposite sides of divides, therefore, are not separated 
by a zone where soil flowage assists, but erode until they actually meet in 
a knife-edge divide. 
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CONCOBDAKT ELEVATIONS 

The peueplane described by Berkey in his reconaaiseauce study of 
Porto Rico in 1914 is well shown in the Coamo-Guayama district. As one 
stands in the lowlands and looks up to the summits, it seems impossible 
to imagine any surface more broken or any slopes more steep. Viewed 
from a summit, the peaks blend into a solid mass with a remarkably level 
horizon line, regardless of the direction in which the distant peaks arc 




■Cateii LOKland 
H. E. Crampton. 

viewed. Not only are the mountains in the interior of nearly uniform 
height, bnt some of them have flat tops, which often afford sufficient 
space for a half dozen native huts. When one considers that the moun- 
tains are composed of rocks of almost infinite variety and exceedingly 
Tariable structure, their concordant elevation and the existence of an 
occasional flat area argue that the whole mass has been beveled by erosion 
to form a peneplanc surface (Figs. 3 and 7). 
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Interior Valleys 

There are two large subsequent valleys of greater importance than any 
other in this district. The Military Boad from Ponce to Albonito follows 
a great lowland which continues eastward into the area under considera- 
tion. If one could remove the Goamo Springs Bange, at the point where 
both the Military Hoad and the Rio Descalabrados find passage, this 
valley would continue eastward to the Goamo Biver. East of this passage 
or gap the valley is very large and open. It extends eastward from the 
great white hills of the Coamo Springs Bange lying just outside the 
western boundary of this district to a mile beyond Coamo Springs. The 
southern boundary is formed by the wall-like Coamo Springs Bange and 
the northern boundary is not sharp and distinct, but changes gradually 
from a flat lowland through many small hills to a large and low range. 
Beyond Coamo Springs and a group of low hills 400 feet above sea-levol 
it continues eastward and finally merges into the valley of the Salina>. 
The floor is uniformly 300 feet in elevation. 

The largest lowland, carved in soft tufb and limestones, is found 
north of the Sierra de Cayey, in the northeastern part of this district. 
The shape is irregularly ovate, with the apex pointed toward Aibouit^) 
and the base widening northward so as to include Gidra. The principal 
outlet is north of Comerio, where the Bio de la Plata has cut a deep 
gorge in the highlands to the south. Another low pass or col lies beyond 
Las Cruces and it is taken advantage of by the Militar}' Boad between 
Cayey and San Juan. The floor is not flat, but is broken by numerous 
low hills composed of resistant rocks which rise as much as 300 feet above 
the general level and have a trend conformable with the lowland as a 
whole. The average elevation is 1500 feet above sea-level. 

Draixage 

liklation of streams to trend of valleys and mountains 

'J'lie larger streams do not lie in the larger valleys, nor are the major 
ranges })arallel to tlic larger streams. This feature indicates a super- 
imposed condition of the larger streams and the development of large 
subsequent valleys by their tributaries. A portion of the Bio de la IMat-i 
is an exception to this rule, for it descends from the northern slope «»f 
the Sierra de Cayey and flows northwestward across the floor of tlio 
Barranquitas-Caycy lowland to Comerio, where it turns northward and 
escapes through a narrow gorge. On the other hand, the Bio Descala- 
brados, the Coamo and the Bio Jueyes cut narrow water gaps through 
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the Coamo Springs Bange. Belated to the gorges through the mountain 
are gaps through which streams do not always flow; for instance^ the 
Cerro Baspado is cut at its eastern extremity by a deep notch through 
which a road leading northwestward from Salinas passes to the low- 
lands lying behind the range. 

The width of the stream valleys is directly related to the character of 
the rock over which they flow. Where the streams flow across lowlands^ 
their valleys are wide; where they flow through ranges their valleys are 
narrow. There are also minor variations in width which apparently are 
due to variations in the character of the rock over which the stream flows. 
Some of the streams flow over broad, flat-bottomed, loam-covered valleys 
for perhaps a maximum distance of half a mile and then cut deep gorges 
beyond which they may develop plunge pools. This condition is repeated 
many times in the length of every stream. It is only possible to give 
a few illustrations of the innumerable cases. For instance, three miles 
north of the Bio Jueyes Water Gap the Bio Jueyes cuts a gorge not more 
than 10 or 15 feet wide, while just beyond this gorge a valley one-quarter 
mile wide and over 3000 feet long opens up. Just beyond the open valley 
occurs another constriction and then another wide valley. In the gorges 
the stream flows on bare rock and through the wide valleys upon thick 
beds of silts and pebbles. 

ENTRENCHED STREAM TERRACES 

Near the inner margins of the coastal plain all the streams are more 
or less entrenched. Thus the Coamo River, near Coamo Springs, cuts 
vertically downward into alluvium (Figs. 1 and 23). Other streams are 
similarly incised, but to a less extent; the degree of incision seems t.o 
decrease eastward. 

The streams which show the best entrenchments also show the best 
terraces ; thus, on the Bio de Coamo three excellent terraces are developed. 
All the larger streams are provided with terraces, but the smaller streams 
lack them. The largest number of terraces cut, one below the other, is 
three, and these are found near the Baiios de Coamo. The terraces are 
always local, yet the higher terraces are sometimes very wide, as, north 
of the Coamo Beservoir, along the whole lower half of the Descalabrados, 
the Jueyes and the Bio de La Lapa. 

COASTAL STREAMS 

streams which flow across the coastal plain are modified in various 
ways. Many of the streams meander, others wither away and practically 
disappear; the Salinas is an excellent example of this latter phenomenon. 
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Long before the coastal plain proper is reached this stream takes on a 
braided appearance and by the time it has gone a short distance beyond 
Salinas it disappears in the soft porous alluyium. Some streams, of 
which the Cimarrono is the best example, exist only on the coastal plain. 

CAPTUBB 

The Salinas wind gap mentioned above is a good example of recent 
capture. At one time a stream must have flowed through this gap to 
the Caribbean Sea ; indeed, a small brook is developed there now in very 
wet weather. Water-worn gravels occupy this gap. Apparently a sub- 
sequent branch of the Bio Jueyes has captured the headward portion of 
the stream which formerly occupied the gap. 

GENERAL GEOLOGY 

Difficulties in Obtaining Data 

Geological data are not easily obtained in the Coamo-Guayama district. 
Contrary to a generally prevailing belief, the larger part of Porto Bico 
is not readily accessible. Aside from the excellent roads which pass 
through the C^oamo-Guayama district, travel in the mountainous interior 
is over miserable trails where one must often hew his way with a machete. 
In atlditioii to the difficulties of penetrating the thick tropical growth, 
there are the difficulties resulting from the heavy mantle of soil. Out- 
crops are so rare that in field-work it was necessary to wade the streams 
and examine the rocks laid bare in the stream bed. Exposures in the 
streams, in the cuts along the Military Eoad, and the occasional outcrops 
at tlie crest of the mountains form the chief sources of the information 
contained in this report. 

Gkneral Physical Character of the Bocks 

The greater proportion of the rocks of the Coamo-Guayama district 
are of sedimentary origin and consist of tuffs, agglomerates, shales de- 
rived from volcanic ash, conglomerates, limestones and cherts. The 
tuffs and conglomerates are decidedly massive and the determination of 
their dip and strike is impossible. The conglomerates show little or no 
bedding. Occasional beds of limestones, shales and cherts furnish the 
only clews as to the geological structure of this terrain. 

The types of rock derived from volcanic sources dominate and of these 
few have passed through more than one sedimentary cycle. For the 
most part, the sediments are loosely bound tuffs, ash shales, or calcareous 
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luffs. Despite the fact that the igneous rocks are quantitatively negligible, 
yet they are of great scientific interest because dikes, sills and flows occur 
in almost infinite number. If all the igneous outcrops which have been 
observed were plotted on the accompanying geological map, the entire 
surface would be dotted, and for that reason only a few of the major 
igneous bodies have been mapped. 

Another factor adding to the complexity is the rapid alternation from 
one type of rock to another. For instance, in traversing a stream for a 
kilometer some fifty different and distinct occurrences of igneous and 
sedimentary rocks may be observed. In the few places where it was 
possible to trace a definite stratimi laterally its character changed so 
completely that specimens collected a mile apart would not be recognized 
as belonging to the same bed. Occurring just as often as the above 
changeable transition is the pinching out of the strata because of their 
lenticular shape. It is, therefore, no exaggeration to say that the Coamo- 
Guayama district in particular and Porto Rico as a whole consists 
primarily of volcanic ash in many thousands of sedimentary beds, in part 
reworked and in part alternating with marine strata, all of which are cut 
through and through in a most varied manner by igneous rocks. 

General SxRUCTrRE 

The grouping together of such varied rocks into formations would not 
be such a difficult matter if the structure were simple and if it were 
possible to gather more complete data concerning the structure. Tropical 
vegetation and deep residual soil conceal the bedrock. It was the ex- 
perience of the author and of several other geologists who luive worked in 
Porto Rico that frequently in the course of a whole day's traverse only 
one dip and strike could be obtained which were considered reliable. 

Such conditions explain why the structural relationship of the bedded 
rocks in the Coamo-Guayama district are not well understood. 

In the western half of the district all of the dips recorded were to the 
south and varied between 20° and 55°. The fact, that the dips in the 
older series are not in all cases steeper than those of the younger, indicates 
local folds ; nevertheless, because of insufficient outcrops, it was impossible 
to determine the detailed character of these local folds. Eastward, ap- 
proaching the borders of a batholith which lies just beyond this area, 
more variable dips were noted. Aside from local irregularities, it appears 
that most of the northern half of this district is folded into a flat, broad 
s^Ticline. The south limit of this s\Ticline begins to develop at K. 12 on 
the road to Guayama. South of this point to K. 24 the rocks are folded 
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into an anticline. Between K. 24 and the south edge of Ouayama another 
narrow syncline is developed. 

The above described major folds are highly modified by local varia- 
tions, such as the gentle flexures or even close folds approaching con- 
tortions. The strike of all the strata is northwest In the eastern third 
the average strike is X. 70° west, and in tlie western two-tliirds the 
average strike is N. 50° west. 

Crushed zones are universally present, but it is rare to find an ac- 
companying displacement. Nearly every Porto Rican rock in thin section 
or in hand specimen shows one or more periods of fracturing; these minor 
breaks must be related to major fractures, and it seems safe, upon this 
evidence, tx) say that faults are numerous and some of them probably liave 
great displacement. Only two major faults were observed. One which 
has a north trend, and by a downthrow on the east side, offsets the ends of 
the Coamo Springs limestone at the Rio de Coamo Water Gap and prob- 
ably detennines the course of the Coamo River through the limestone at 
this point. Another fault cuts obliquely through the Coamo Springs lime- 
stone west of the Descalabrados AVater Gap. This fault is aligned with 
faults found \i\ limestones to the south of the Coamo Springs limestone^ 
and to the east of the Descalabrados River, and all are undoubtedly 
jjfirts of ilie same fault. The downthrow side of this fault is also to the 
east. 1'lie faults afToct all the rocks and may be quite recent, but the 
folds are certainly miuli older. The greater age of the folds is indicated 
l.>y tlio fact that tlie Arei-iho limestones have a very gentle dip to the sea, 
that tho recent alluvial bods are horizontally bedded, and that both lie 
unconformably upon the older folded rocks. 

8i:i)imi:ntauy Types of Rock 

TUFFS 

I^'roiu wliatever viewjKjint Porto Rieo is considered, the conclusion is 
always that the island is largely and essentially a heap of volcanic debris. 
Vohanic fragmontal rocks alone or volcanic fragments, occurring as con- 
stituouts of rocks of subsequent deposition, form the greater bulk of all 
the sedimoiitary types. These f ragjnents are principally augite-andesite : 
no hornblende andesites and few olivine basalts were observed. In these 
igneous fragments the feldspar phenocrysts are prismatic andesine oli- 
goclase, highly altered to calcite, chlorite, hematite and laumonite. The 
augites are equant, pale green, and highly fractured but very fresh. The 
groimdmass consists of the same components and is, as a rule, profound I v 
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altered to the secondary minerals mentioned above. Magnetite is present 
in variable proportions. 

Doubtless these minerals are the accumulations from long-continued 
explosive volcanic action, and their habit and associations give the only 
clew we have of the former physical conditions. 

VOLCANIC BRECCIAS 

The true volcanic breccias are of very great variety. The colors of the 
constituents are green, red, purple, black, gray, brown, buff and white ; but 
green is most common. Sometimes all of these colors appear in a single 
hand specimen, and where such a rock outcrops in a stream bed and is 
highly polished by stream erosion a very beautiful effect is produced. 
The green is due to chloritic alteration, the red and purple to hematite, 
the black and gray to unaltered shales or limestones included among the 
volcanic components, the buff and yellow to limonitic alterations, and tlic 
white to calcite. Rock types represented by the fragments are chiefly 
augite andesite with rarer olivine basalts and palagonites. The textural 
varieties are so great that it is common to find as many as fifteen textural 
types of augite andesite in a single thin section. The cementing sub- 
stances are, as in the tuffs, chiefly calcite and chlorite with some iron 
oxides and frequently zeolites, such as laumontite and natrolite. In ad- 
dition to the volcanic breccias accumulated under a^olian agencies, two 
other types of breccias are very common. Both are flow breccias. One 
tyipe is a lava flow, the crust of which first solidified and subsequently be- 
came brecciated by the continued movement of the lava. The other and 
more common type is a lava flow into which, while still fluid, f ragmen tal 
material was dropped or which picked up fragments in its course. 

AGGLOMERATES 

Highly angular agglomerate boulders are very rare. Most of them show 
some roimding either by stream action or by mud flow, and the frequent 
occurrence of lenses of rock, consisting of subangular boulders in a 
matrix of tuff, suggest that mud flows were common. 

CONGLOMERATES 

Conglomerate lenses are very common in the midst of other rocks. 
Their lenticular shape, lack of persistence along the strike and occasional 
fluvial cross-bedding indicate that they were accumulated as torrential 
fans. Some of the conglomerates have an igneous matrix which was 
formed as a subsequent injection into the ready-formed conglomerates. 
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SHALES 

The shales consist of bedded ashes and reworked tuffs. The fonner 
have suffered so little reworking that in thin sections their pyroclastic 
nature is ea^^ily made out. The latter have been so thoroughly disinte- 
grated and sorted by water that the original character of their material 
is determined only by a few associated volcanic fragments. The perfec- 
tion of the bedding is best developed in the younger rocks and most of 
the shales were accumulated near the shore, as is indicated by the presence 
of organic remains in them. Some of the shales are silicified and others 
are epidotized. The silicified shales are thought to be due to the organi- 
zation of radiolaria and diatoms, and the epidotized shales to hydro- 
thermal influences. 

LIMESTONES 

Between tuIFs with a few oiganic remains and limestones with a few 
tuff fra^anents, there is every graduation and in like manner the lime- 
stones are related to the shales. Some of the tuffs, andesitie sills, and 
andesitic flows have so thoroughly altered to carbonate that they now 
consist of as niudi as 80 per cent carbonates and have usually been mis- 
taken for limestones. The true organic limestones can be divided into 
two classes, those witli no alpil content and those containing alga?, and 
the latter are found only in the middle of tlie uppermost group of nK'ks. 
The otlier limestones are made up chiefly of foraminifera with some coti- 
tributions made l)y j)elecypod or gastropod forms. In all cases the bulk 
of tlie rock eonsists of reorganized calcite derived from organic remains. 

Types of Ionkous Kocks Present 

Ahhou<j:li the range of igneous rocks is wide (Figs. 24 to 40), the most 
common variety is augite andesite. The following list shows the range: 
rhyolite, grajiite, biotite granite, feldspathic andesite, granodiorite, augite 
andesite, liornblende andesite, diorite, hornblende diorite, hombleude- 
augite andesite, basic augite andesite, olivine-free basalt, and olivine 
basalt. Porpliyritic rocks are uncommon and granitoid types extremely 
rare. The massive rocks appear usually in small dikes and flows; espe- 
cially vesieiilar varieties were only observed in a few places. As pointed 
out above, tlie tuffs, volcanic breccias, and agglomerates contain so m-ny 
igneous tyj)es that in a thin section of a tuff as many as ten to fifteen 
varieties may he observed. These fragments consist of rhyolites, feld- 
spathic andesites, augite andesites and olivine andesites, and of these, as 
in the larger masses, augite andesites greatly predominate. After the 
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augite andesites, feldspathic andesites occur in greatest abundance, and 
are followed, in point of number, by the basic varieties. The fact that 
the same type of rock appears in tuflEs, flows, dikes and sills strongly 
suggests that these formations are nearly contemporaneous and indicates 
that while tuflfs and breccias were accumulating on the surface liquid 
matter was being injected into the basal portion of the pyroclastic and 
sedimentary series. 

Hydrothermally Altered and Mineralized Bocks 

Nearly all the rocks studied in the Coamo-Guayama district show 
some mineralization and many of the rocks are intensely hydrothermally 
altered. 

Basis for an Attempted Division of the Rocks 

The rocks of the Coamo-Guayama are very hard to classify into series 
because of the variety of outcrops, complexity of the structure, extreme 
variability of rock types, and absence of fossils. The few fossils which 
have been observed are of no assistance in making correlations within 
this district, although they are of value in <^ivintr a clow as to Vw <re leral 
age of the strata. The only practicable method of making correlations, 
which is not free from possibilities of error, consisted in noting tlie out- 
crops with their occasional dips and strikes; then, with a knowledge of 
the general structure, the hand specimens were compared and the out- 
crops of the same kind connected. Because of the similarity of the typ^, 
the divisions, except in a very few cases, between one series and another, 
are simply arbitrary lines, whicli attempt to separate sedimentary rocks 
of one general dominant character from those of another. Wliile the 
correlations within the district are lithological, the ages of the various 
series rests upon a firmer foundation. Thus the structural data is 
sufficient to work out the succession and so determine which are the older 
and which are the younger. Again, there is some evidence of uncon- 
formities indicating diastrophic breaks of magnitude, and it may be fair 
to correlate these breaks with similar ones occurring at the same time in 
other parts of the world. Finally, there are fossils which indicate rather 
closely the age of the particular stratum in which they occur. Thus, 
with a known sequence of rocks, broken by a few unconformities, and 
with an occasional stratum, the a^jQ of which is more or less definitelv 
known, it is possible to divide the rocks into major series. 

The following series of sedimentary rocks, named after type localities 
from the northeast to the southwest, have been established : 
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Kio de la Plata series. 

Mostly tuffs with a few agglomerates, shales and limestones. 

Barranquitas-Cayey series. 

Mostly shales with much limestone and a little tuff. 

Sierra de Cayey series. 

Mostly conglomerates with a little tuff and some shale. 

Ouayama series. 

A complex series^ mostly of shale, but with much chert, some 
tuff, limestone and conglomerate. 

Rio Jueyes series. 

A complex series, mostly limestone^ but with much ahale and 
some tuffs and conglomerates. 

Coamo Springs series. 

A heavy bedded limestone. 

Eio Descalabrados series. 

A thick scries of shales with a little limestone and chert 

Arecibo formation. 
Mostly limestone. 

Santa Isabel series. 
Mostly alluvia. 

And the following intrusive series : 

Early intnisives. 
Batholithic rocks. 
Later intnisives. 

In many cases the above divisions are areal and descriptive rather than 
distinctly stratigraphical. 

Eio DE LA Plata Series 

The rocks comprising the Bio de la Plata series are named from the 
river whose headwaters flow across them for many miles. The series is 
composed chiefly of tuffs with a few agglomerates and several lenses of 
limestone. The tuffs weather rapidly and are easily eroded. Into them 
the Eio de la Plata has eroded a great lowland (Fig. 3). The formations 
composing this group form a broad belt which occupies the northeastern 
])()rtion of tlie district, and structurally forms the flat crest of an anticline. 
The strike of the rocks is generally N. 40** W. The northern limit of this 
series is presumed to lie outside of the Coamo-Ciuayama district. Xo 
definite line can be indicated at its upper contact because the variety of 
rocks characteristic of the group changes by an insensible graduation into 
tiiose classed as the Barranquitas-Cayey series. 
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Tuffs make up the greater part of this group and are, as a rule, ud- 
stratified. They vary from cream yellow to red, are frequently mottled, 
and weather easily to a sticky clay soil. The structural details of some 
occurring at K. 65 on the Military Boad, west of Cayey, are shown in 
figure 4, Microscopically they are chiefly lithic tuffs. The fragments 
are either augite andeaites or augite-olivine andesites. The augite occurs 
as fresh, fractured, embayed zonal crystals frequently surrounded by 
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borders of magnetite grains, Augite, as phenocrysts, comprises about 10 
per cent of these tuffs. The feldspars, which are of the oligoclase-andesine 
variety, are frequently embayed by the groundmass and largely altered to 
chlorite and calcite and comprise about 50 per cent of these tuffs. A few 
olivine crystals were present, but are now entirely altered to serpentine, 
magnetite, Umonite and iddingsitc. The groundmass is composed en- 
tirely of alteration products, such as calcite and limonite and a little 
pyrite. The lack of bedding and the angular charact«r of the fragments 
indicate that these tuffs accumulated directly from volcanic eruption 
without any process of reworking. 
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LIMESTONES 

Two 1)ed8 of limestones have been observed. One begins just south of 
Cidra and outcrops ever}' two or three miles till just south of Comerio. 
It is a dense, light gray, fine-grained rock. The microscope proves it to 
be composed of numerous flat fragments of pelecypods and gastropods. 
The shells are triturated and oriented, showing that they have been wave- 
rolled and finally deposited in a bedded condition. Among the forami- 
niferal forms observed were : 

Textidaria gxbbom, d'Orbigny. 
Textuluria conica, d*Orbigny. 
Texiularia tiochus, d'Orbigny. 
Plecanium (Texiularia) speyeri (Beuss) ? 
Operculine sp. 
Orbitoides papyrace^ 
Orbiioides faujasiii, Sowcrby. 

Tlie shells make up about 60 per cent of the rock and the matrix is com- 
])oscd of crystalline calcite, reorystallized from the shell fragments and 
their detritus. A second small lens of limestone, of essentiallv the same 
character, occurs about three miles due south of Cidra. 

AGGLOMERATES 

Thin beds of rock, comjmscd of angular or rounded andesite or o( 
augitc andesite prophyry boulders varying in diameter between 1 to 6 
inches, ajjpear freciuently as lenses in the tuffs. Where the boulders arc 
angular they are undt)ul>te(lly agglomerates and where rounded they ex- 
hibit the elFeets of transportation, probably in mud flows. The matrix 
of Ijoth tvpes is always tiilfaccous. 

R\RHANyriTAS-CAYEY SERIES 

'J'he rocks of ilie Barran(]uitas-C'ayey series are respectively named 
from the two villa<j:es situated upon them, in tlie nortlicast corner and in the 
eastern niar^nn of the Coanio-CJuayania district. The series extends from 
the north central part of this area southeastward to the .east central 
border and forms a l)elt averaging about three and one-half miles across 
the out(Toj). Tliis ^roup oonsists chiefly of sliales and shaly limestonos 
with numerous limestone lenses and an occasirmal bed of tuff and con- 
jrlonierales. The anticlinal structure of tlie Hio de la Plata series 
changes in its southern margin to an equally flat syncline. This syncline 
continues southward and gives the structure to the Barran(iuitas-(*ayov 
series. The dip of the southern lijnh of the syncline increases in .<?teeT)- 
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neaa to the eouthward until, near the upper contact with the Sierra de 
Cayey series, the dip amounts to 30° to 40° N. The strike of N. 40° W. 
in the western part changes to almost due east in the east-central part. 
Sutwrdiuate to the major structurcB are several faint anticlinal flexures, 
especially in the northwest near Comerto. The thickness is between 2O0O 
and 3000 feet. The lower part grades into the Rio de la Plata series and 
the upper portion forms a eharp contact with tlie Sierra de Cayey series. 



The shales grade on the one hand into massive tuffs and on the other 
into pure limestones. The majority are calcareous and the change from 
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argillaceous shales to cah-ureous is very giadual. Some of the shales aro 
siliceous, as, for instance, several of the gray members which extend 
uninterruptedly from Barran<(iii(aM to Aibonito. The culor varies from 
light gray and green to a very dark gray, almost Idack. Tlie bedding 
averages two to three inches. The rocks break very easily into rhombs 
about five inches long. The siliceous varieties under the microscope 
prove to be very dense, streaky shale, containing about 20 per cent of 
tiny spherical areas, averaging 2 nun. in diameter; a few of these are 
filled with silt and most of them are empty, but in one was found a 
radiolarian belonging to the genus lAlhocampe. so that it is reasonable to 
suppose that they are all due to foraminifcra which ha\e been diasolvei 
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out ( Fi^^ 5). The clialcodoiiie eeineiit of the rock lua}' have been de- 
rived by recrystallization of the siliceous LUhoeampe shells. Some of 
tliese shales are intensively mineralized by pyrite which has come in 
along bedding planes and has metasomatically replaced the shales. 

LIMESTONES 

Beds of limestones occur frequently among the shales, and of theso 
three are of special importance. A series of interbedded lenses occur 
near the base of the series and outcrop frequently along the road from 
Caycy to Aibonito. They are black or dark gray in color and very densc^ 
and when examined microscopically are found to consist of innumerable 
round bodies about 3 mm. in diameter, which are varieties of radiolarians 
and diatoms. The diatoms are : 

Pardlia (Melosira) sulcata, Ehr. 
Consccnodiscus elegans, Grev? 

And the radiolarians are : 

Porodiscus conventrica {Flustrella concenirica, Ehr.) (Fig. 41). 
Lithocampe sp. (?) (Fig. 5). 

The tiny shell bodies are all stratified and about 30 per cent of them 
have been recrvstallized to form an interlocking er}'stalline of cement 
calcite. Orciirring in streaks and parallel with the bedding in these 
rocks is about ."i per cent of carbonaceous matter. There are also many 
angular crystals of augitc and feldspar which are altered to calcite. It is 
evident that those limestones were formed either in the neritic zone or 
upon land by a gradual accumulation of foraminiferal, diatom, and 
radiolarian shells which had drifted landward and that, as they accumu- 
lated, wind-borne pyroclastic fragments were dropped among the shells 
and so added to the limestone. These limestones are, therefore, recrystal- 
lize<l tulTaooous shell limestones. 

Another limestone occurs near the middle of the formation two and 
one-half miles south of Cayey. This limestone varies from a dirty gray 
to a dull purple in color, and the microscope shows it to be composed of 
shell fragments. The fragments are bounded by curves which are not in 
harmony with the organic structure and which indicate that the com- 
ponents have been rounded by erosion. This wear was developed under 
oxidizing conditions, as is shown by the heavy hematitic stain bordering 
each fragment and the entire absence of this stain in the interstitial 
cement which is pure ealeite of secondary origin. The rock also contains 
some introduced sulpliides. Apparently shells were blown from the strand 
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inland and accumulated in beda. En route they were worn and oxidized 
and subsequently they were cemented by calcite, introduced probably by 
the agency of rain waters (Fig, 6). 

Another heavy belt of limeatones, "The Moimtain limestones" of R. T. 
Hill, occurs close to the upper contact of this group and eitenda in a 
belt from about one mile west to six miles eaet of the Military Koad. It 
is estimated to be a thousand feet thick. 

The relationship between the shales and the limestones is very inti- 
mate. The former accumulated as estuarine, delta, or mud-flat deposits, 
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the latt«r either just beyond them in the neritic zone or upon them where 
shells were wind-drifted inland a short distance. The shales contain 
many marine organisms and the limestones much terrestrial material. 



The western two-thirds of the Barranquitas-Cayey series is chiefly 
shales, but in the eastern portion a tuffaceous phase develops until, at 
the eastern border and beyond, the series is composed of tuffs with a 
few agglomerates. A similar gradation exists between the tuffs and lime- 
stones or shales. Some are very fine grained and would be called shales 
in the field but for an occasional grain indicating a pyroclastic origin. 
The tuffs vary from the texture of ashes to volcanic breccias and coarse 
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agglomerates. The color is black, dark gray or olive green ; where fine 
graiued, and, as the texture hecomeB coarser, the color becomes mottled 
because of tlie fragments, which may be black, gray, green, dark pnrple or 
dull red. Many of the lava flows coiitain tuffaceoae material which may 
aniouut to as much as 40 per cent. Under the microscope the tuffs prove 
to be divisible into two classes, cr}-Btal tuffs and lithic toffs. The crystal 
tuffs (Fig. 13) have tlie composition of an augite andesit« porphyry and 
contain, taking the average, alwnt SO per cent augite, 40 per cent aodesine 
feldi^par, 20 per cent magnetite and 20 per cent of secondary products. 




Km. l.—Tupograithy of the nan-angultat-Cayev tcirloiid 
l"lir)tosrn|)heJ liy I'rofengor Charl™ P. Berkcj. 

Sonn'tiiiius thev show a faintly streaked cliaractcr, as if they wore de- 
posil^'d iiiiilur Fimif Pudimontary coiitnil. The augite is fresli, fractureil, 
and jiiilf firecii. The feldspars are highly altere<], usually to chlorite and 
stuMO epidiite, which have, by their devolopnieiit, created the binding ma- 
terial t>f the rtiek. At tiniew there aiv small jtseudovesicular spaces filled 
witli neoliU'S, probaltly natrolite. Those spaces are about 1 mm. in size 
and arc pnibably produced by infiltration and metasomatic replacement 
by zeolites. 

In eompositi'in the lithic tuffs (Fi^'. 1-1) are rather simple. They are 
usually eoniposed of feldspathie andoaites ur augite andeeites. The tex- 
mnii ty])es, however, arc iiuiiiei'ous and as many aa fifteen may be jtrcsenr 
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in one thin section. They vary from glasses to felsites of many textures 
and structures. 

PHYSIOGRAPHIC EFFECT 

Tlie shales of the Barranquitas-Cayey are more resistant to weathering 
than the Rio de la Plata group. The spurs which extend out from the 
Sierra de Cavev are carved in them. Other hills occur in the lowland, 
such as the Cerro Gardo and Cerro Eabanal; their occurrence is due to 
tlie presence of more resistant shales. The topography thus produced is 
illustrated in figure 3. In this picture the greater part of the foreground, 
extending beyond the village of Aibonito, is occupied by the Barranquitas- 
Cayey group and beyond the first crest is tlie lowland cut into the Barran- 
quitas-Cayey series. 

GENESIS 

The composition of the formations and tlieir succession gives some clew 
as to their origin. Apparently at the time that the Barranquitas-Cayey 
series was being formed a volcanic center existed to the nortlieast and fur- 
nished the larger part of the material of the strata. In its immediate vi- 
cinity the sediments were mostly pyroclastic in origin. Farther away the 
volcanic ejecta were reworked and deposited close to the shore of tlie Carib- 
bean Sea. The offshore zone was almost outside of volcanic influences 
and in it strata of biogenic origin with slight addition of pyroclastic 
material were chiefly accumulated. C()m])ared with the l?io de la Plata 
series^ which was formed during a period of intense vulcanism, in which 
there were a few quiescent intervals sufficient for a slight invasion of the 
sea, the Barranquitas-Cayey series is formed largely of reworked ma- 
terial indicating distant or less violent vulcanism. 

Sierra de Cayey Series 

distribution' 

The rocks of this series are mostly conglomerates, with a few tuffs, and 
are found cropping out along the crest of the Sierra de Cayey Mountains, 
after which they are named. The road from Barranquitas to Barros, 
beyond K. 16, follows the lower contact of the Sierra de Cayey series with 
the underlying Barranquitas-Cayey series. The bends of this road, which 
swing northward, are upon the shales of the Barranquitas-Cayey series; 
those which swing southward expose the conglomerates of the Sierra de 
Cayey series. The Military Road !)etween K. 85 and K. 88 crosses the 
Sierra de Cayey Range through a wind gap carved in this conglomerate. 
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The conglomerate is well shown north of La Lapa, where the Bio Cayey 
cuts a narrow gorge, and again where the Jajome cnts through it west of 
Jajome bajo. The conglomerate phase is not dominant in all parts of 
this scries. In the eastern portion tuff occurs instead of the conglomerate 
and for this reason the Cayey-Guayama Boad between K. 15 and K. 21 
shows comparatively few exposures of conglomerates. This transition 
from conglomerates to tuff is excellently shown along the trail, which 
leads from K. 21 westward to Barrio del Carmen. 

STRUCTURE 

The synclinal structure found in the Barranquitas-Cayey series changes 
to anticlinal in the area of tlie rocks of the Sierra de Cayey series. Thu>, 
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Fk;. S.- Character of the nmonformity heticeen the BarranquitaB-Cayey and the Sierra 

ffc Cayr.y series 

a flat anticline exists between kilometer 15 and kilometer 24.5. Going 
westward the strata begin to dip uniformly southward at angles between 
30° and 40° and the strike varies between N. 40° to 60° W. A break of 
importance occurs at the base of this series, as indicated by the great 
conglomerate beds in the Sierra de Cayey group and by a distinct uncon- 
formity visible at two places. Thus between K. 86 and K. 87, on the 
Military Road west of Aibonito, the basal conglomerate of the Sierra de 
Cayey group rests upon the eroded surface of the underlying shales and 
contains pebbles of these shales (Fig. 8). Dips taken along this section 
show the shales to be gently folded and the conglomerate to lie upon the 
truncated portion of a faint anticlinal fold. Again, just west of where 
the Rio de Cuyon changes from a southward-flowing to an eastward-flow- 
ing stream, the heavy conglomerate lies upon a truncated portion of an 
anticlinal fold in the underlying shales. The upper contact is gradational 
with the overlying series. The formation is estimated to be between 3000 
and 4000 feet. 
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COMPOSITION AND CORRELATION 

The series is composed almost entirely of conglomerate with a few 
assorted beds of tuff. The basal portion lies imconformably upon the 
older formations, as shown by evidences both of erosion and folding before 
the conglomerate beds were deposited ; and the upper portion changes by 
a gradual gradation into shales. Beds of shale begin to appear at infre- 
quent intervals in the conglomerate, and then become more frequent, 
until shales finally constitute the entire group. Beginning where the 
shale beds predominate, another series, called the Quayama, is established. 

CONGLOMERATE 

The pebbles and boidders vary greatly in size, from a tenth of an inch 
Tip to seven feet. The largest boulders observed were exposed in the gorge 
of the Cuyon, and at that place boulders a foot and larger were very com- 
mon. Most of the pebbles and boulders are very well rounded. The tor- 
rential bedding of the finer materials and the orientation of the rounded 
boulders indicate stream control at the time of deposition. The pebbles 
are mostly andesites or porphyritic augite andesites. The dikes and sills 
which cut through this conglomerate are of a coarser nature than the 
pebbles and some of them are of quite different composition. 

The matrix for the pebbles is of two types. One type is water-sorted 
sandy material derived from tuffs or massive igneous rocks. Under the 
microscope this matrix proves to be composed of angular, sorted, and 
laminated grains chiefly of feldspar. These are bound together by sec- 
ondai7 products in the following proportions : 

Per cent 
Carbonaceous matter 5 

Calcite 20 

Chlorite 20 

In part, however, the matrix is igneous, as in the case of a locality east 
of Barros where there are many conglomerate beds, some of 'which have 
an undoubted igneous matrix, and again southwest of Aibonito, especially 
in K. 86, where the conglomerates have an igneous matrix, and still again 
at the Cuyon gorge and westward along the Cuyon. The best exhibition 
of the igneous matrix is seen along the Rio de Cuyon, where for more 
than a mile the stream bed is formed by the water-polished surface of a 
conglomerate with a green andesitic cementing material. Structural fea- 
tures, such as bedding of the conglomerate, were not disturbed by the 
invasion of the igneous matrix, which must have entered the conglomerate 
in the form of an extremely fluid magma (Fig. 9). 
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Study of the microscopic character of the igneous matrix shows it to 
be a massive rock of hiatal fabric. The oligoclase phenocrysts are turbid 
and lath-shaped^ averaging from 8 mm. to 14 mm. and comprise over 40 
per cent of the rock. Tabular^ almost equant^ pale green^ and exceedingly 
fresh augites frequently occur as chadocrysts in the feldspar ; and magne- 
tite occurs in skeletal grains. The minerals of the groundmass are all 
less than .01 mm. in size and frequently they are all altered to chlorite; 
when not replaced they are oligoclase and augite. 

Dr. Charles P. Berkey (1915^ p. 23)^ speaking of these conglomerates 
as seen by him on the Military Boad^ southwest of Aibonito, says : 

There must be a total thickness of strata, including shales and interbedded 
tuffs with occasional small limestones, of perhaps several thousand feet. In 
all parts of the formation where conglomerate is developed, the pebbles repre- 
sent the same kind of rocks as were encountered in the tuffs and intrusive 
masses. Actual representatives of previously solidified bedded material or 
indurated ash and shales are very rare, but in one case at least a pebble was 
observed that was Judged to represent a fragment from an older silicified tuff. 
As a matter of fact, the materials are practically all of simple igneous char- 
acter and the matrix in most parts of the formation is very abundant, or even 
predominant, the particles of which are of the same igneous material. The 
distribution of material and the range of composition leads one to believe that 
this conglomerate represents a special state or condition whereby materials of 
essentially tuffaceous origin were, immediately after their volcanic eruption, 
worn, rounded, somewhat assorted and bedded and mixed with related ma- 
terial. The fact that the conglomerate beds, which follow to great thickness, 
are prevailingly of simple structural habit, as compared with the calcareous 
shales, ash and tuff series immediately below, suggests that there may be a 
break here of larger consequence than is observed in other parts of the pre- 
Tertiary or older series. 

The development of so extensive a series of conglomerates doubtless does 
represent a considerable change in physical conditions, compared to those con- 
trolling the simpler deposits which preceded and followed them. 

PHYSIOGRAPHIC EFFECTS 

The conglomerates of the Sierra de Cayey play an important part in 
the formation of the Sierra de Cayey Mountains. Where the conglom- 
erate beds are most numerous the mountains are higher and in straighter 
lines, and where the conglomerates are replaced by tuffs the mountains 
become less definite and more scattered as, for instance, in the eastern 
portions of this district. The Sierra de Cayey Range may be due to sev- 
eral causes, such as the erosion back of a tilted fault block, but its present 
relief is no doubt due to the resistance of the conglomerate. Streams 
which cut across the series do so at right angles and with narrow canons 
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such as those of the Cuyon and Jajome. The roads which pass over the 
mountains choose abandoned canons or wind-gaps. 

OEKB8I8 

Because of the presence of heavy beds of rounded boulders, the origin 
of the Sierra de Cayey series is thought to be due to the rapid erosion of 
uplifted mountains and to the deposition upon their flanks of great allu- 
vial fans. The materials of this group were not necessarily derived from 
the beds immediately below, because the strata beneath are not deeply 
eroded. Their site of deposition may have been a slope of small grade 
and they may have been deposited after transportation from loci of ero- 
sion a great many miles to the northward. While they were being accu- 
mulated it is possible that volcanoes were active a short distance to the 
east and threw out great quantities of tuffaceous rock. Under such con- 
ditions the strata on the east would have been predominately tuffaceous, 
and this view is supported by the fact that the tuffs, in the earlier portion 
of the series, contain a great number of associated volcanic flows. 

The boulders found in the Sierra de Cayey series were, no doubt, formed 
in streams with gradients no steeper than those of the streams in Porto 
Rico at the present time. In the bed of the Salinas, for example, large 
boulders are to be found tx)dav. The fact that these boulders are found 

« 

just north of Salinas, and far from their source, indicates the enormous 
transporting ])ower of small streams, if favored by occasional torrents. 
These boiilih^rs eoukl not have been fonned bv wave attack because the 
waves of an advancing sea will grind into silt any boulders broken off 
unless tliey happen to fall into deep water and beyond surf action. Other 
features wliich argue against a marine origin are the great petrograpliii- 
variety, the discontinuity along the strike of the beds, the absence of 
marine fossils, and the absence of a marine succession characteristic of 
an overlap. 

GUAYAMA SkRIKS 
GENERAL STATEMENT 

Lying above the Sierra de Cayey series is the Guayama series, tlie strata 
of which are named after the City of Guayama, located upon them in the 
southeastern corner of the district. Tlie average distance across their 
outcrop is about four miles. The series is the most complex of all those 
studied in this district, for it consists of shales, limestones, conglomerates, 
sandstones, tuffs, volcanic breccia, agglomerates and cherts. Of these. 
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shales are by far the most important. Lenses of limestones are numerous 
and there are distinct and separate beds of conglomerate. 

In the western part of the Coamo-Quayama district the strata appar- 
ently all dip southward between 30° to 40°. To the east a syncline is 
formed between K. 24.5 and Guayama. The lower contact is gradational 
with the Sierra de Cayey series. If an unconformity exists between the 
Guayama series and the Rio Jueyes above, it was not observed in the 
limited time devoted to this study. Moreover, it cannot be said that the 
rocks differ as radically from the overlying group as do tlie other series. 
The total thickness is about 2500 feet. 

SHALES 

The shales constitute about 75 per cent of the rock in the group, but 
their continuity is broken near the middle of the group by numerous 
large lenses of conglomerates. Many of the shales are limy and in places 
they pass over into true limestones, a condition which is particularly true 
near the top of the group and a short distance above the bottom of the 
group. In the western portion of the district shales replace both con- 
glomerates and limestones. In the central part they have the least devel- 
opment and toward Guayama they are replaced, in part, by tuffs. The 
physical character and mineralogical composition of tliese sliales is varied. 
For the most part they show excellent closely spaced bedding. Where the 
bedding is best developed fracture cleavage is also shown best and causes 
them to break up into small two-inch rhomboid l)locks. The color varies 
from very dark to light gray. These shales were water-sorted and depos- 
ited under water, as is shown by their streaked apj)earanee, which is 
brought out in a decided manner upon weathered surfaces. All of the 
material composing these shales is volcanic and it is common to find 
every graduation between massive tuffs and bedded shales. Hence most 
of the shales should, perhaps, be called finely bedded ashes. The true 
character of these shales is best shown by their microstructure. The 
fragments range between .05 mm. and .01 mm., and occasionally larger 
angular fragments, of clear un decomposed oligoclase or andesine feldspar 
without orientation, occur which look as if they had been dropped into 
soft silts after having been carried by the wind. Some of the larger frag- 
ments are rounded. Feldspathic material constitutes 60 per cent, car- 
bonaceous material 20 per cent, secondary chlorite and calcite, derived in 
part from the feldspars and in some shales in part from organic material, 
make up the remaining 20 per cent, and some secondary chalcedony is 
present at times. 
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A few of these rocks contain spherical voids arranged in lines parallel 
to the bedding, some of which contain Orbitolita sp. (?) (Fig. 10), bnt 
which, for the most part, are Elled with secondary chlorite and culcite. 
Some of these shales, especially near the top of thiB seriee, are hard and 
dense, due in part to the baking influence of intnuioiu and in part doe 
to introduced silica and epidote, bot which in largn part ia doe to reor- 
ganization of organic siliceous remains. 



The cherts are of varied colore, a condition which is dependent upon 
their genesis. For instance, those due to baking or reorganization are 




ihaltt conlalnlng OrbltoUtat 



gray in color like tlio softer shales, ami those which contain much intro- 
duced material arc I'ltlier a blood red or dull green. Under the micro- 
scope the genesis of the rod and green cherts show that at first the ordi- 
nary tuffaceous shale was impregnated by epidote giving rise to the green 
chert, and lat«r some of these preen cherts were fractured and specular 
hematite was introduced as veins which, in part or entirely, replaced the 
rock forming the red cherts. Subsequently both green and red cherts 
have been veined with white quartz. 

The reorganized chert shows traces of the original shale, which is com- 
posed chiefiy of feldspar with streaks of carbonaceous matter bound to- 
gether by secondary chlorite and calcite. Tiny spherical holes arranged 
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in lines parallel to the bedding are numerous, some of which conUin 
c&lcite, othere chalcedony, and in still othere the two minerals are inter- 
grown. The occurrence of calcite and quartz intergrown indicates a con- 
temporaneous deposition, which is chemically possible, since both are 
soluble in an alkaline solution. Fortunately not all of these areas are 
filled with reorganized minerals, but a few are filled with siliceouB radio- 
laria or calcareous foraminiferal remains, some of which show only partial 
reorganization. This appears to indicate that the silicification is due to 
the migratioD of silica from reorganized radiolaria. These rocks also 




show micro-desiccation fractures, some of which are cemented by migrated 
chalcedony (Fig. 11). 

TUFFS 

Although the tuffs occur largely in the eastern exposure of this group, 
yet thin beds frequently occur among the shales, limestones, and con- 
glomerate formations. This is to l>e expected in view of the fact that the 
shales are only reworked phases of a tuff series. The presence of the tuffs 
with the limestones indicates the periodic recurrence of intense volcanic 
activities. Purely pyroclastic types cannot be sharply divided into crystal 
and lithic tuffs, because the two types usually occur together. Lithic 
character, however, is the most common in which the rock fragments are 
all andesitic and extremely angular and show as many as ten tcxtural 
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varietieH uf rook in a einf^ thin section. The frtgments are bonnd to- 
gether by secondary chlorite, hematite and calcite. The production of 
secondary calcite in many of these cUstic rocks has proceeded to such an 
extent tliat they arc commonly mistaken in the Geld for limestones. 

The crystal tuifa arc composed of about 40 per cent of highly altered 
pla^oclaec fragments, areas of palagonite freqnenUy amounting to 5 per 
cent, and S.'i per cent of secondary calcite (Fig. 12). The tuffs weather 
down to a n-d clayey rail from which all the calcite has been leached and 
in which no bedded structure is apparent. Spheroidal exfoliation is 
rather characteristic, not only of the tuffs in this group, but of all tuffs 




ill the island. The Hciodoo structure, which frequently occurs, results 
from the sticky, compact nature of the tuff soil and from the presence of 
small rock fragment^:, which sone as protecting caps to the soil below 
them and prevent Hie vertically falling tropical rains from eroding away 
the uiulorlying tuff soil. The result is a multitude of pinnacles three to 
six inches high covering tlie whole face of an exposed tuff formation. 
The formation of the Hoodoo structure is due in part to the same factor 
which develops the knifo-edge ridges — that is, to the compact, sticky, 
dilBcultly enxlcd nature of the soil. 

Not all of the tuffs are massive ; some are faintly bedded. The latter 
are in some types composed of rather coarse, 7 to 10 mm. equigranular, 
rounded lithic fragments, which arc usually oxidized upon the periphery. 
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Such fragments indicate a period of water sorting and rounding, followed 
by a period of oxidation. The cementing material is introduced calcite. 
Corresponding to the lithic is a crystal type, which is composed of rounded 
feldspar grains with associated carbonaceous streaks and a cement of sec- 
ondary calcite, chlorite and quartz. Such characters indicate a water 
sorted and rounded rock. Other varieties of the bedded tuffs are com- 
posed of extremely angular grains, which are sufficiently well sorted and 
oriented to produce a bedded structure. The bedded structure is probably 
due to wind, because moving air within the limits of the size of the frag- 
ments which it can carry is more sensitive to differences of specific gravity 
than water, and, in addition, wind possesses a greater range of velocity. 
Moreover, a grain is always subject to resorting by the wind until it is 
finally dropped into a body of water. Most crystal tuff fragments are 
elongated; hence, when a tuff fragment falls to ground, if perchance it 
strikes upon one end, the fragment will fall over and lie upon a prismatic 
face. The accumulation of tuff grains all lying upon prismatic faces will 
result in orientation of the constituents and a development of obscure 
bedding structure. The essential components of all the lithic tuffs are 
oligoclase-andesine feldspars (40 to 50 per cent) highly altered to calcite 
and chlorite ; also clear, fresh, fractured, equant, pale green augites about 
5 per cent, magnetite 5 per cent and a few lithic fragments. The sec- 
ondary cement consists of calcite and chlorite 20 per cent. 

Still another variety is formed from tuff fragments which fell in the 
sea and became incorporated in the accumulating organic remains, such 
as foraminifera. Among the organic remains occur from 10 to 30 per 
cent of crystal or tuff fragments, some of which are rounded and evi- 
dently water-carried and others are angular and must have been wind- 
borne, but in all specimens a few well rounded grains testify to the ac- 
cumulation of the organic fragments close to the littoral zone. 

LIMESTONES 

Akin to both the tuffs and the shales are the limestone lenses, which 
are, as a rule, only a few feet thick, although a few exceed 100 feet in 
thickness. Since they extend along their strike rarely more than a mile, 
the geologist is constantly bewildered by the abruptness with which they 
pinch out. Most of the limestones are found near the top of the group, 
in the central part of the district, which may indicate a former embay- 
ment of the sea. In color they are light to dark gray and in texture fine 
grained, and the thin sections show that these limestones are composed 
of clastic organic fragments, chief of which are foraminifera. 
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0ONOL0XERATB8 

The best development of a conglomerate occurs near the middle of the 
group in the central part of the district, though isolated conglomerate 
beds are found frequently in other parts of this group, as near K. 99 and 
K. 94 on the Military Boad. The pebbles and boulders are usually sub- 
angular^ though some well rounded ones are to be found. Very large 
boulders, three feet in diameter, were seen north of Santiago. The boul- 
ders are chiefly andesitic igneous rocks with rare limestone fragments. 
These conglomerates in part have an igneous matrix, as, for example, 
those near E. 99 on the Military Boad and of some north of Santiago. 

AQGLOMEBATES 

A few beds of agglomerate occur in the tuff. 

PHYSIOGRAPHIC EFFECT 

In detail these rocks are affected by erosion in quite a variable manner, 
but considered as a whole they arc carved into great spurs which extend 
southwestward and southward from the main axis of the Sierra de Cavev. 
The Military Road from Coamo to Aibonito after crossing the Cuyon 
River near K. 93 follows one of these spurs up to the Aibonito Wind Gap or 
Pass; the road from Quayama to Cayey follows another of these spurs to 
the crest of the range. In the great lower valley of the Salinas River 
there are many ridges oriented with the structure, such as Monte Sabater, 
west of Coqui. South of the Guamani Canal, extending from the Salinas 
Valley to Guayaina, is a group of hills 200 to 300 feet high, developed 
upon resistant strata belonging to the Guayama series. 

GENESIS 

The origin of the Guayama series is doubtless similar to that of the 
Sierra de Cayey. Tlie rocks of tliis series may simply be the peripheral 
portion of the Sierra de Cayey alluvial fans. Another and more probable 
view is to consider the Guayama series as the reworked portions of the 
Sierra de Cayey fan. After the first impulse of rejuvenation in the 
Sierra i1e Cayey liad spent itself, erosion of a moderate character devel- 
oped upon a lower grade. Rocks of varied types developed synchronously, 
because many agencies were at work. ^VTiile rivers were building up a 
conglomerate inland and delta deposits seaward, volcanoes were active, 
spreading far and wide pyroclastic material, and here and there lava was 
flowing down a mountain side. Repeated periods of intense volcanism 
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followed by long periods of gentle volcanic activity developed heavy beds 
of tuff and agglomerate and added to all the other formations some 
ejected volcanic material. During the dry season tuffs, perhaps gathered 
in the stream beds, cut into the various alluvial fans in sufficient quanti- 
ties to divert the streams from their original beds in the times of flood. 
These periodic diversions would have started great mud-flows down the 
mountain sides, causing pebbles and boulders to be swept along with the 
mud-flows, all becoming more or less rounded en route. 

Periodic encroachments of the sea gave rise to marine lenses. To do 
this a very slight subsidence would have been sufficient because (1) the 
delta phase of the piedmont plain would not have extended much beyond 
the shore zone and (2) in tropical regions, as shown in Porto Eico at the 
present time, limestones are laid down not only in the neritic zone, but 
commonly in the zone between high and low tides, and also some are 
formed beyond the reach of the sea, such as deposits of tepetate. 

Eio JuEYES Series 

GENERAL CHARACTER 

The Eio Jueyes series is named from the river which flows over their 
central exposures. The series extends in a broad belt with an outcrop 
4 to 5 miles broad and reaches from the west central part of this area 
southeastward, passing beneath the sea south of Guayama. Its one out- 
standing difference from the Guayama series is the number of limestones 
contained within it. The limestones, however, do not exceed in volume 
or number the shales, tuffs, or conglomerate beds. Lenses of agglomer- 
ates and volcanic breccias are numerous. 

STRUCTURE 

The rocks of this series differ from adjacent series sufficiently to make 
them worthy of a separate grouping. Their upper contact is sharp and 
clean. In fact, in many places the point of the geological pick may be 
placed where the Eio Jueyes series ceases and the Coamo Springs lime- 
stone series begins. The beds generally dip S. 30°. The total thickness 
may be as much as 5000 feet. 

LIMESTONES 

Two types of limestones occur, the white algal limestones and the dark 
gray crystalline, fine grained, highly bedded limestones. 

Limestones begin to occur in the lowest formations and in Santa 
Sabater Hill reach their best development. Tliis is a long, narrow, lioni u 
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clinal hill north of Central Agnirre, which rises as a mendip, or morro^ 
through the thin coastal plain deposit The limestone beds composing 
this hill are in themselves variable ; some have a cream tinge, are porous, 
and have an evident organic structure ; other beds are highly crystalline, 
fractured and cemented by white calcite. Interbedded with both lime- 
stones are thin beds of tuffs. Both develop a pitted and cavernous sur- 
face upon weathering. It is remarkable how this limestone, soft and 
porous as it is, stands up as a resistant ridge. Everywhere in Porto Bieo 
the limestones are resistant to weathering. Some form great ridges like 
the Coamo Springs limestone described below, others remain only as 
gentle swells, but everywhere they rise above the shale or tuff beds. 

In thin section the white limestones are seen to be made up largely of 
honey yellow or colorless crystalline calcite. Bounded outlines, but with- 
out identiiiable structures, indicate the former presence of organic sub- 
stances such as algse, which are present in tiny fragments, and foraminif- 
era, siicli as Globigerina cretacea, Globigerina buHoides and Truncafu- 
Hna lohafala, all of which indicate a very early Tertiary age. 

Other limestones are fine grained, showing light and dark shades of 
gray and buff, and occur as thin, discontinuous lenses. Some may be 100 
feet thick, but all those whose thickness could be determined are only a 
few feet thick. Most of the lenses are found in the eastern half of that 
portion of this ^roup which rises above the recent coastal plain deposits. 
One ratlior continuous series of lenses, traced from southwest of Guayama 
across tho district, occurs south of La Lapa, south of Santiago on the 
Rio Jucycs, south of Coamo on the Coamo River and again on the Des- 
cala])rados River. The lenses always occur among the shales into which 
they |?radc. Megoscopic volcanic material is present in many of them. 

Under the microscope they are seen to vary from a tuffaceous limestone 
to a tuff with many shells. The organic fragments are comminuted 
pelecypod and gastropod shells with numerous foraminiferal remains, and 
diatoms, such as MUiolina seminulum Linne? The foraminifera ob- 
served are : 

rh u lin a universa ? 

O rh itMes papracea ( Boubee ) . 

Tpjt fill ana gMosa, d'Orbigny. 

(rlohiffpjina, d'Orbi^ny. 

Xufnulitfs sp. ? 

Gandnjina sp. ? 

/ 'o hjw rph iti asp.? 

MUioliua sp. ? 

BUocuUna sp. ? 
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The rodiolariaiiB are chiefly Forodiscus concentrictts. The organic re- 
mams have all been more or less recrystallized and no calcareoua algal 
stmctiire was noted. The tnfiaceous material is usually very highly al- 
tered feldspar laths with occasional lithic fragments. The feldspars and 
lithic fragments alter to calcite and chlorite. 



The shales, likf the limestones, are best developed just west of the 
Salinas River, where they are finely bedded, siliceous and occur as fre- 
quent layers among the argillaceous phases. The color varies from buff 




to gray. In thin section they are seen to be made up of a streaked dense 
material, chiefly quartz and some carbonaceous material. Little spherical 
holes, which are arranged in lines parallel to the bedding, make up about 
1 per cent of the rock. Most of the tiny cavities are vacant, a few have a 
calcite filling and an occasional one has a diatom or radiolarian in it, 
such as Melospira arenaria, Eab., and Coscenodtscus marginarus, and 
similar ^pes. 

TUPFS 

Beds of tuffs are exceedingly common. Beds of limestone are often 
sharply divided by a thin layer of tuff ; most of the conglomerates have 
a tuffaceous matrix and some of the shales grade into tuffs. The pyro- 
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clastic formations arc best developed in the western portion of the group. 
As in the older group, the tuffs may be divided into the lithic and the 
crystal groups. The lithic tuffs are frequently very beautiful rocks, since 
they are composed of angular fine-grained rock fragments of extremely 
varied colors, such as black, red, green, brown and purple. An excellent 
exposure of this type is found in the stream bed east of Coamo. The rock 
types present in the lithic tuffs are always andesites and as many as ten 
different varieties based upon texture may be present in one thin section. 
The fragments are cemented by caldte and chlorite and some are well 
bedded (Fig. 13). 

The crystal tuffs do not differ from those described in the older series. 
They consist of lath-shaped altered oligoclase andesine feldspars, clear, 
fresh, pale green, embayed and fractured augites and grains of magne- 
tite, all cemented by secondary caldte, chlorite, limonite and some zoisite. 
These secondary products are all derived from the feldspar and a former 
volcanic dust matrix. 

OONGLOICBRATBS AND AGOLOICERATES 

In the Rio Jueyes series frequent beds of conglomerate and agglom- 
erate occur. The beds are never thick nor continuous along the strike 
and as a rule they are formed of well rounded pebbles and boulders of 
an(l(»sit(* and aiidesiU> porpliyrv. An interesting formation occurs about 
two miles north of the Eio Jueyes Water Gap, which consists of numer- 
ous well rounded three-inch pebbles of limestone, dark gray in color and 
highly fractured, with the fractures cemented by calcite. Among the 
well rounded pebbles also occur frequent three to six inch angular agglom- 
erates, all in a tuffaceous matrix. Beds of this conglomerate six feet thick 
alternate with two-foot beds of shale. Two factors alternated to produce 
this formation: near-by volcanic eruptions, which gave rise to the tuffs 
and agglomerates, and stream erosion, which produced the conglomerates. 
The great falls of volcanic debris, probably diverted to streams first from 
one side of the alluvial slope down which they were flowing, and then to 
tlie otiier, and in this way the alternatuig beds of shale, conglomerate and 
agglomerate were produced. 

J'HYSIOGHJPiriC KPFKCT 

In part the Rio Jueyes series j>artakes in the formation of the spurs 
extending from the south flank of the Sierra de Cayey, and in part assists 
in the formation of an independent landmass south of the Rio Cuyon and 
west of Salinas. A series of great subsequent valleys is carved out of the 
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southern half of the western third of the Rio Jueyes rocks. The eastern 
half of the series lies beneath the Santa Isabel coastal plain deposits and, 
therefore^ exposures are to be found at only infrequent intervals. 

GENESIS 

From the facts stated above it appears that the conditions of accumu- 
lation were much the same as in the previous period. Mountains com- 
posed of older strata were being dissected and out of them alluvial fans 
of deposition were formed. Those portions of the fans which dip into 
the Caribbean Sea gave rise to shales, while conglomerates were formed 
in the ever-shifting stream beds. Between the projecting prongs of the 
fan the embayed sea was the site of calcareous deposition, and so lime- 
stones accumulated at stratigraphic horizons equivalent to the shales. 
Volcanic vents, of which a large number have been found in this district, 
gave forth moderate amounts of tuff continuously and at times excep- 
tionally large quantities of both tuff and agglomerate. The result was 
that a series made up of alluvial fans alternating with local lenses of 
marine limestone was formed. 

CoAMO Springs Limestone Series 

This series is named from a thermal spring located in the Coamo River 
Water Gap. It extends as a homoclinal mountain from Central Aguirre 
northwestward to the Descalabrados River and thence to the Jacaguas 
Reservoir. The Central Aguirre Hills are thought to be part of the same 
formation, a conclusion based upon the close similarity of the rocks and 
the alignment of these hills with the general trend of the Coamo Springs 
Range. If these hills are formed from the Coamo Springs limestone, 
then this formation continues eastward beneath the Caribbean Sea. The 
total length is at least thirty miles and the thickness about 800 feet. 
This group is composed essentially of a single formation, a heavy bedded, 
steeply dipping limestone, which forms one of the most interesting 
petrographic types and erosional features in Porto Rico. In addition 
to limestone, however, there are many thin beds of tuff within the lime- 
stone, into which the limestone grades at its top and bottom. Near the 
top and bottom the tuff beds get thicker and more numerous until the 
limestone ceases entirely. 

STRUCTURE 

The lipiestones and associated tuff beds of the Coamo Springs group 
have been tilted to rather high angles and in places faulted. In the 
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Aguirre HiUh the dip is 45° S., at Salinas Hill 45° 8. and at Jueyes 
AVat«r Gap tlicre is a change in dip from the top, where it is 70° S., to the 
bottom, where it is 45° S., which indicates the south Umb of an anticline. 
West of the Coanio Kiver the dip varies between 35° S. and 50° S. and 
in the vicinity of the Ilio Descalabradoe anticlinal structure is well shown 
(Fig. 14). The good eviden<.-e of anticlinal structure to the east and 
west of the Coamo Kiver Water Gap suggests tliat tlie structure at tlic 
gap is also anticlinal, even thooj^ it is not evident there because of the 




massive charaotcr of the rocks. An anticlinal structure at this point 
would explain the grt-at broadth of exposure of the limestone. 

The wliok range is arrnngi'il en erhrlim. The continuation on the 
westward side of the Rio de Coarao is almoKt a mile south of a line con- 
tinued from the Cerro Pimentol westwanl, and in like manner the Cerro 
C!avin is broken in two places. These are features explainable only by 
faulting. The contacts of the Coamo Springs limestone series are the 
best marked of anv rocks in the district. 
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LIMESTONE 



The appearance of the limeetone which forms this aeries is variable, 
^et certain features are so constant that the rock may be recognized at a 
glance and can be easily distinguished from all other limestones occurring 
in Porto Rico. The color varies from chalk white to cream or to pale 
lilac. The grain is very fine in most occurrences, but in part it is medium, 
and the size of the grain increases to the westward. Some of the rock is 
made np wholly of crystalline limestone, but for the most part it is 
mottled with organic and tuf! fragments which are brown, soft and may 
easily be picked out with the point of a knife. The orfjaiiii' fragments 
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vary in size from 1 to 3 mm. and arc cream-colored. 'Hieir organic char- 
acter is apparent even in hand specimens, as shown by concentric zones 
in which a fine mesh structure can be seen. Other varieties have a fine- 
grained lilac-colored material stained with hematite, forming a matrix 
for the organic bodies. Tlie thalli of the algoe of which tliis rock is 
largely composed are shown in figures 15, 16 and 18. 

The microscopic eliaracter of this rock is most interesting. It is found 
to consist of at lea-st three varieties of algaj-tike structure. Some of 
these are undoubtedly of the red calcareous algse type. Figure 16 shows 
one form that has a fucoid appearance, whicli is apparently the spore 
case of a thallus in longitudinal section, and 15 a thallus in cross-section. 
In addition to the algce structure, foraminifera of several species are 
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present, sonic of which are AmpkUtBgina sp. (Fig. 19), Ditcorbitia 
globularis, d'Orbigny, Orbiioides sp., Globigmna Bp. (fig. 48) ; ostracoids 
also occur, all of which testify to a Tertiary age. The interstitial suh- 
stance ia made up of interlocking calcite giaine averaging ,05 mm. in 
diameter, which have evidently been derived from the organic bodies 
(especially the algte) by recrystallization. This is shown by the transition 
contact between the two and by the shadowy outlines of thalli in crystal- 
lized calcite. The organic structures have been highly fractured, broken 
and cemented by limonite before the induration of the rock took place. 
This suggests drj'-Iand conditions. The tuffaceous matter consists of 
fractured crystals of the oligocene-andesi&e varieties. Chlorite areas are 
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Sprlngt limntoHt 



also present, suggesting former pyroclastie grains. In some a bright 
green glaueonitic-like subfrtance occurs. 



TUFFS 

1 feiifures different from those described above. 



PHYSIOOIIAl'mC KKFKCl 



Becau!-e hmestoiies arc not eroded with ease in the tropics, the Goamo 
Springs limestone stands up as a ridge of south ward- dipping rock. 

Aguirre Hills are only a few hundred feet high (Fig. 17) and are 
separated from the rest of this homoclinal mountain by tho broad valley 
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of the Salinas River. Salinas Hill, the eastern extremity of the Cerro 
Baspado, rises to four hundred feet^ and from this place the elevation 
increases till just east of Coamo Springs, where the elevation of the Cerro 
Pimentol is one thousand feet. Just west of Coamo Springs the elevation 
is again only six hundred feet, but it rises westward to over one thousand 
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Fig. 17. — Coamo Springs Range 

The sky-line is formed by the crest of the Coamo Springs Range. The middle portion 

of the sketch is occupied by the present coastal plain. 

feet at Jacaquas Reservoir. To the north a great subsequent lowland has 
been carved, and to the south and east of the Coamo River the coastal 
terraces, carved in a later formation, reach to the foot of these mountains. 
Wind-gaps in its crest are common. In places the crest is double and in 
others triple, due to the intercalated and easily eroded beds of tuff. 



GENESIS 

Specimens selected either at random or by intent from various portions 
of the limestone formation universally show algal structure. In some 
parts, where only little shreds and fragments are to be found, the former 
presence of algae is attested to by the faint outlines of their former thalli 
preserved in the recrystallized calcite. From top to bottom and through- 
out the entire length the formation was originally composed of about 10 
per cent algae — an estimation based upon the percentage found in the 
many thin sections studied. In some of the thin sections and hand speci- 
mens the ramifying branches of the former plants can still be seen, but 
for the most part the alga? are in fragments. The fragments are more 
or less rounded and, of course, this rounding is largely the result of surf- 
work, but in part it undoubtedly was due to terrestrial agencies — wind 
and flowing water — as shown by the oxidized borders of many of the 
worn algSB fragments. Some of the oxidized and other fragments possess 
fractures which, cemented by calcite, must have been formed at a time 
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previous to the development of the matrix. Among the algal Btructures 
are frequent teats of foraminifera; theae have snch an intimate lelation- 
sfaip with the algn that there is no' doubt about their sTnchronons accu- 
mulation. After the algs debris with the asaociated foraminifera had 
accumulated, static metamorphism at the time of accumulation, and 
perhaps dynamic metamorphism after accumulation, recijetallized the 
interstitial algse and foraminiferal silt to form a matrix. This recrystal- 
lization did not cease with a couTenion of the lime magnesia silt, but 
continued to reorganize the more perfect organic structures until in part 
these were almost obliterated. 



Fia. IS.—LKhothamnfon In Coano BprliiQt JimMtont 

The above discusses tlio data derived from the rocks themselves. In- 
formation from other sources will give ua n clear idea as to the lithogenesig 
of this formation. In the first place it ia evident that algs cannot live 
below a batliymefric zone penetrated by sunlight. Observations the world 
over show tiiat algse are lovers of the Kone exposed between high and low 
tide and of the neritic /.one which exteuds down to 200 meters. 

Foslie (1!>07) states that "the reefs of Chagos arc covered by an 
enormous quantity of nullipores (Litliolhamnia, ete.) incrusting, massive, 
mammillated, columnar and branching. The outgrowing portions of the 
reef arc practically covered by thoir growth"; and Howe (1912) says: 
"The massive beds of Halimeda opuntia off the Florida Keys (the same 
species, by the way, that ia filling tlie lagoons of the South Sea atollsj 
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are striking^ as are the banks of Goniolithon strictum in the Bahamas and 
reefs of Lithophyllum daedaleum along the shores of Porto Kico. How- 
ever, the lime-secreting plants appear to be much more generally and 
widely distributed, both horizontally and vertically, than the corals/^ 

Also Kjellman (1883) writes that " Lithoihamnion glaciate covers the 
bottom in deep layers for several miles, along the coast of Nova Scotia 
and Spitzbergen, at depths of about 30 meters"; and Weber (1904) 
that "near the coast of Haingsisi, an island near the southwest point of 
Timor, the Siboga anchored twice . . . the second time good luck 
favored us ; it was spring tide ; the water sank very low and we could ob- 
serve that the whole reef . . . consisted chiefly of Lithothamnion 
erubescens f. Haingsisana, It was remarkable that the branching knolls 
remained quite dry during several hours of the day, exposed to the glare 
of the tropical sun, and that this seemed not to injure them. . . . 
This Lithothamnion bank struck me, because it is such an unique sight 
to see the ground, as far as the eye can reach, covered by the pretty, 
beautifully colored knolls, which are heaped up so close together that, 
while walking, one crushes them continually, making a peculiar noise as 
of broken china/^ 

From the above facts the genesis of the Coamo Springs limestones may 
be deduced. In the shallow waters of the southern coast of Porto Eico 
iinsegmcnted calcareous algae grew in rank profusion. The peripheral 
portion of the algae was easily broken off and ground up by the surf. 
Some of the algae were exposed at low tide and their fragmental por- 
tions were picked up and carried inland by the wind. Shallow-water 
foraminiferal shells became entangled among the alga\ TTpon the silts 
and debris of the comminuted algae more algae grew. It is not necessary 
to postulate a subsidence. When the surface of the silts due to their ac- 
ciunulation reached too shallow water for neritic forms to exist, their 
places were taken by those which preferred daily exposure to the tropical 
sun, and pari passu with this the neritic types moved outward. Wind 
continued to carry exposed and dried algal dust and fragments inland 
to accumulate upon the dry land. By such a process an indefinite thick- 
ness could have been developed. In the case of the Coamo Springs lime- 
stone, conditions favorable to algae growth lasted long enough for the 
development of a formation about three to eight hundred feet thick. 

ORIGIN OF THE DOLOMITES 

To the writer it seems that there can be no doubt about the shallow- 
water origin in the main and the terrestrial origin in part of this lime- 
stone. If this is the case, then a safe deduction is that the species of 
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fonuninifera occurring twocisted vith it ue sbo of ihallow-witer origin, 
or that foraminifera can be drifted dtoieward and aocnmnlated under 
■hallow-Tater conditiona. Since the forafloinifera in the Coamo Springs 
limeatone are identical or limilar with Uioae found in older and younger 
limeatoneB, not containing algn remains, it a probably nfe to conclude 
that these limestones, too, were formed in shallow embayments of the 
southern coast. To accept this view aadsta in the explanation of the oc- 
currence, character and relationship of the limestone iensea. 




FiO. 19. — AmpltMvtna i» Cvamo 8pri»gt Hamlmw 

Calcareoue algie contain a great deal of magnesium carbonate. This is 
shown by the average of fourteen analyses (Hiigbom, 1894) of Litko- 
thamnion selected from all parts of the world, which is calcium carbonate 
80.S9 per cent and magnesium carbonate 8.14 per cent. 

In the processes of cr>-8ta11izattoD there may have been a residual en- 
richment due to the more soluble charaot«r of the calcium carbonate ami 
a dolomitic limestone may have been formed. Algfe were undoubtedly 
the more dominant form of plant life in the earlier geological periods and 
the suggestion is offered that the dolomites of the early Paleozoic may 
have had their origin in this manner. 
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Bio Descalabrados Series 

general character 

The series is named from the river which flows across them at their 
widest exposure. All the strata of the older series occurring above the 
Coamo Springs limestone belong to this series. It is largely covered 
by coastal plain deposits; heuce outcrops are few and isolated and are 
found chiefly in a few road-cuts. West of the Coamo Eiver a series of 
parallel hills rise through the coastal plain deposits and produce the ex- 
posures upon which this discussion is based. This group is composed of 
limestones^ shales, cherts and tuffs. 

STRUCTURE 

The rocks all dip seaward at angles from 20° to 50° and the strike is 
uniformly N. 30°-50° W. Between the Coamo and Descalabrados Eivers 
the rocks are broken by a normal fault, which is thought to be the same 
fault that offsets the Coamo Springs limestone. The lower contact is 
sharply defined, but the upper contact is unknown because it lies beneath 
the Caribbean Sea. The thickness of this series is at least 3000 feet. 

LIMESTONES 

Three distinct limestones occur which resemble each other very closely 
in a petrographic way and which are separated from each other by thick 
beds of shales, cherts and tuffs. Tlie variations which do occur are of 
a linear character — that is, they grade into each other from top to bottom 
or alon<r the strike. The color is gray except where the limestones con- 
tain much included tuffaceous material, which gives them a green or yel- 
low shade. The grain is medium or coarse crystalline where the rock is 
homogeneous, except where large quantities of tuffs are present which ap- 
pear to have prevented complete recrystallization. The lowest limestone 
formation is the most ini{)ure and resembles the Coamo Springs lime- 
stone very much. This is especially true in that outcrop forming the hill 
to the east of the Coamo Springs Eeservoir. All these rocks are highly 
fractured and cemented with calcite. 

In this section these limestones are seen to he made of three types of 
material: organic, volcanic and recrystallized calcite. The organic ma- 
terial consists of algje, which are most numerous in the bottom limestones. 
Foraminifera are common in all three formations, some of which are 
Nummulites sp., Orhiioides sp., Biloculina sp., Milioliiuis sp. and Glohi- 
^erina sp. The tuffaceous material consists of oligoclase — andesine feld- 
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spar altered to clilorite, calcite and limonite. Depending upon the 
abundance of one or the other of the aecondary minerals, the color of the 
roek is olive green or a buff jelloT. Qraina of nugnetite are conunon 
and a few pieces of devitrified palagonite occor. The binding of calcite 
lias been developed from interstitial lime ailt and from the larger organic 
remaioB. In many ways the origin of these limestones was identical with 
that of the Cosmo Springe formation. 

SHALBa Ain> OHSBTS 

The shales and cherts form finely bedded deposiis ooeorring between 
the limestones. Most are silicified, a few epidotized, and some are cal- 




Fiu. 20, — J*ar(ii(li<-H> fonientrictii lit ihale 

careouB and others are argillaceous. The esiellent bedding is an expios- 
sioii of a VLTy iini' laniinntion. microscopic in size which weathering 
brings out in relief. The colors arc black, dark gray or green. Micro- 
s<;opically those shales and cherts en- of a dense material the composition 
(jf which it is inipossildc to determine, but is probably a very fine sec- 
ondary quarti; with carbonaceous streaks, sorlcitic flakes and limonite 
bands. Most of thesn rocks contain small spherical holes arranged in 
lines, some of which cavities are filled with quartz, others with quartz 
and calcite and still others have radiolarian remains. Aa the radiolaria 
can be seen to alter secondary quartz, the calcite must be tertiary and 
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introduced, probably, under thermal conditions. Some of the shales are 
fractiired and the fractures cemented by eptdotc which develops oatrard 
from the fractures and in some entirely replace the rock. The silidfica- 
tioD is thought to be due entirely to recrystallization of the radiolaria 
and diatoma, some of which are Heliodiacua humboldti Ehr. and Poro' 
diactis concentricus Ehr. (Fig. 20) and diatoms of the type of Melosira 
sp. The highly bedded character of the shales belonging to thie group is 
ehdwn in figure 31. 




Pholograpbed by Pral< 



PHYSIOGRAPHIC EFFECT 

West of Central Aguirre the recent marine terrace is carved upon the 
upturned edges of Bio Deecalabradps aeries. A few hills, due to the 
resistant limestone beds, are separated by a series of small subsequent 
valleys opening up toward the Coamo and the Descalabrados Rivers. 
These hills are divided into three parts by the Coamo and the Descala- 
brados. Of these the small limestone hill east of the Coamo Reservoir is 
the northeasternmost division. In addition to the three major divisions 
so formed, these hills are again divided by small resequent valleys. 
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GENESIS 

The view is held that these sliales are entirely of delta origin, which is 
indicated by the excellent bedding, the carbonaceous streaks and lenticular 
character of the beds. During the period at which this group was formed 
there was an intermittent subsidence, so that after delta shales had ac- 
cumulated offshore limestones would develop. The subsidence was 
sufficiently graded so that before the limestones could reach a notable 
thickness a newly formed delta advanced seaward and covered them. A 
later subsidence gave opportunity for a new limestone deposit This 
condition was repeated at least three times. 

Areoibo Formation 

This formation has been described by Berkey, the name being derived 
from a river on the north coast where the limestones occur in great thick- 
ness. The Arecibo caps a hill 100 meters in diameter in the southwestern 
comer of the Coamo-Ouayama district. This formation once covered the 
district over a much greater area, as is shown by the erosional border 
lying just west of the district, by the isolated remnant of erosion above 
mentioned, and by the superimposed drainage. 

Because of its importance in the interpretation of the geological his- 
tory of this region an extended quotation from Berkey (1915, p. 50) is 
]>erhaj)s admissible: 

Both on the north side, for nearly the whole length of the island, and on 
the south side, ovi»r the wosteni half, there is a bordering belt of limestone 
and associated beds that have l>eeii developed on an eroded surface which 
beveled across the more complex structures of the older series of formations 
that formerly made up the mass of the island. These limestone beds are sev- 
eral hundred feet in thickness and dip gently toward the sea. On the inner 
margin of tlieir present extent toward the interior they are abruptly termi- 
nated in a very irregular line of modified cliff forms facing toward the pre- 
vailing smoother and lower ground for some distance toward the interior. In 
its best development, however, it is a typical cuesta, formed in the usual 
maimer by the erosion of a formation representing a recently uplifted coastal 
series. The series of formations involved formerly extended inland very much 
farther than they do now. Only the outer margin remains from the erosional 
construction of a series of beds and reefs that in fonuer times covered a large 
portion of the island. . . . 

In a large way this series forms a structural unit. Below it lie the older 
and more complicated igneous and sedimenUiry roclis. The break bi»tween thes<» 
two represents the chief unconformity in the whole geological column. For a 
considerable distance an average dip of 30° to IW was estimated and the total 
thickness represented, based upon the width of the belt, must l)e at least 3000 
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feet As one goes eastward, a comparatively short distance they are almost 
entirely lacking. . . . 

Between Gnanlca and Juana Diaz, wherever the inner margin of the Arecibo 
formation was seen, it was bounded by a fault which brings the upper beds 
abruptly against the older tuffs and shales of the pre-Tertiary. The formation 
furnishes an abundance of fossils. The lower portion of the lower beds on the 
flouth side of the island, as seen at Juana Diaz, seem to be the most promising 
for a determination of the age of the beds of the formation. . . . 

The formation as a whole is essentially a structural unit. . . . 

These rocks are separated from the older ones by a discordant uncon- 
formity or structural unconformity. This is shown by the manner in 
which these gently dipping Arecibo limestones rest on rocks tilted to high 
angles and by the fact that they rest on a peneplane surface. 

The existence of this peneplane was first observed by Berkey, who says : 

Beneath the limestone constituting the cuesta and representing the Tertiary 
series, there are, in numerous places, traces of a former plain that represented 
the results of erosion on rocks that had a complex structure. Occasional pro- 
flies of more distant ridges also show a sky-line that suggests the former exist- 
ence of such a plain, and in favorable localities it can be traced directly to the 
foot of the limestone cuesta. Occasional traces are also seen on more moun- 
tainous tracts, especially at the west end of the island, near Rincon and in the 
vicinity of Mayaguoz. It is the judgment of the writer that these all belong 
to a single base-leveling surface or marine-cut platform formed in the period 
just preceding the development of tlie Tertiary limestone sories. 

The peneplaned surface has been elevated and tilted. The elevation is 
2500 feet in the eastern j)ortion of the Coanio-Guayama district and 3000 
feet in the western. It descends toward the nortli. Dissection has cut 
down far below the level of the peneplaned surface to the south, and so 
its former trend can only be inferred. Were it not for dissection the 
former peneplaned surface would attain at least another thousand feet at 
the southern coast. 

That the Arecibo limestone once covered the entire district is shown 
by the superimposed condition of the major streams. In the above para- 
graphs the general strike of the stratified rocks is described as northwest 
and southeast, but the largo streams, excepting the Rio de la Plata, flow 
southward. It might l)e argued that the original drainage was parallel 
to the structure and that coastal streams have worked back and captured 
them. Such problematical coastal streams would have received their 
initial supply of water from the most arid portion of the island, while the 
captured streams were supplied by the heavy daily rains of the interior. 
To capture under such conditions is impossible and the theory must be 
abandoned. The large streams have courses discordant with the struc- 
ture. This is shown in most striking fashion bv the Rio Descalabrados. 
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Coamo and Jueyes^ which pass at angles of ninety degrees and compara- 
tively narrow water gaps through the Coamo Bange. 

PHTSIOQRAPHIO EFFECT 

One result of the superimposition of the drainage across the structure 
of the rock has been a numerous series of captures. A good illustration, 
of a recent one is cited. A channel filled with pebbles lies between Salinas 
Hill and the Cerro Baspado. Back of this latter range a subsequent 
branch of the Bio Jueyes flows, and it seems eyident that this latter 
stream has captured the headwaters of this nameless stream and diverted 
them eastward. As a result a wind-gap, which is so low that a wagon 
road passes through it, has been formed. 

Santa Isabel Series 

ocgurrenge 

This formation is named from a little village situated upon the coastal 
plain deposit in the southwestern part of the district. Deposits of the 
Santa Isabel series cover the southern border, extend as embayments up 
all the rivers flowing across the coastal plain, and occur as isolated patches 
along the various rivers. 

GENERAL CHARACTER 

For the most part this series is composed of a fine black alluvium of 
varying thickness. Thus, west of La Lapa the Bio Cerro shows 20 feet 
of bedded silts interlarded with boulder beds. North of Salinas Hill it is 
25 feet, near the Bancs de Coamo the river fiows between vertical silt 
walls 50 feet high (Fig. 23), and at Guayama the silts are only a few 
feet thick. 

All of the alluvium found in the valleys of this district cannot be 
classed as a coastal plain deposit (Fig. 2). Some is due to a local base- 
level created by a hard rock partially damming some stream. Streams 
dammed in this manner have aggraded their valleys with alluvia to con- 
siderable depths. Thus, three miles north of Bio Jueyes Water Gap is a 
deposit 25 to 30 feet thick composed of excellently bedded silts with an 
occasional lens of pebbles, and in this stream there are also alluvial beds 
at 660 feet elevation. Again, in the great Barranquitas-Cayey subsequent 
lowland is a deposit of silt 10 to 15 feet thick, due to a local base-level 
located just south of Comerio which is about 1500 feet above sea-level. 
Such deposits are classed with those of coastal plain because they have 
been formed in Becent times. 
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The coastal plain rests upon the upturned edges of a series of tuffs and 
shales and upon these planed surfaces wave-rounded boulders are fre- 
quently founds as shown in a cut of the road southeast of Guayama. Be- 
tween and on the top of the Aguirre Hills such boulders occur in profu- 
sion and represent the time when the sea was awash with the tops of these 
hills. Some of these perfectly rounded boulders are of Arecibo limestone 
which must have been transported littorally a great many miles. 

In the beds of many of the streams deposits of chalky white^ porous 
limestone are being formed. These tepetate deposits form in the shal- 
lows of the intermittent streams^ where the waters evaporate rapidly. 
They are also formed at points where the water cataracts over a small 
ledge and loses some of its carbon-dioxide content and is thus forced to 
precipitate its heavy load of calcium carbonate. 

PHYSIOGRAPHIC EFFECT 

When the coastal plain was in process of creation the streams previ- 
ously developed upon the old land entered the sea at the inner margin of 
the present coastal plain. With the retreat of the sea the rivers flowed 
over this coastal plain and some of the streams, like the Coamo, sought 
out their old courses and became resurrected, while others, like the Des- 
calabrados and the Rio de la Lapa, were not able to cut through the coastal 
plain upon which they meander to the sea. These streams meander upon 
reaching the coastal plain because they lose much of their water through 
the silts and gravels. This lost water, upon reaching the surface of the 
wave-cut terraces, seeps along the top of these terraces to the sea. This 
seepage furnishes the only zone of water to which wells may be driven in 
the whole Coamo-Guayama district. 

Still another class of streams was created for the first time upon the 
gently inclined surface after the emergence of the coastal plain. The 
lower portion of the Guamani belongs to this classification and the Rio 
Cemarrona is another good example which by headward erosion has begun 
to eat into the old land behind the coastal plain. 

The superimposition by the coastal plain of some streams has caused 
marked changes in drainage. Thus, the present course of the Guamani 
is either due to capture or to the superimposition of a stream which for- 
merly flowed down the wide-open valley east of Guayama hills, but now 
flows down to a point marked by arrow (Fig. 22) and then turns abruptly 
westward through a narrow cleft in a spur of the mountains and then 
flows southwestward to the soa. 

The terraces found at the lower end of the Coamo, and to a less extent 
rtssociated with the other streams, are due to the dissection of the em- 
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bayed portions of the coastal plain. Tbe elevation of aboat 250 feet 
which brought the coastal plain to view revived all the itrcamB. The 
reviving influence of uplift took place long enough ago that the effect is 
now active in the headward courses of such streains as the Bio de la Lapa. 
In the upper reaches of the streams degradation is cutting into the old 
complex of volcanic rock. Figure 23 shows how the Bio de Coamo has 
cut a young valley 60 feet deep into the alluvium accumulated when the 
Coamo stood at the highest level during recent times. 

Most of the streams in this district have cat laterally faster tiian they 
cut downward. This lateral cutting flattens the floor of the valley. The 
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cut cuiitinucH to one sldo until the streams meets a resistant rock which 
reflect-s it to the opposite side, and a deflection in a stream once started 
continues until deflected again. Associated with lateral cutting is down- 
stream cuttiii^r. The combined effoct is to produce a terrace. Slow uplift 
of streams wliich are jjrovidcd with rocks in their banks to deflect them 
will cause a series of terraces to be cut one below the other. r>;dgos of 
rooks i»n>jcctinji into tbe stronm are iileal for this purpose. The Rio de 
Coamo is deflected by the Coamo Springs limestone and as a result three 
terraces arc formed. Continued ujilift has caused these to be dissected bv 
consequent streams into a dendritic pattern. The highest terrace of th<' 
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Coamo is dissected to a depth of 50 feet in this way — a testimony to the 
rapid rejuvenation wliich Las taken place. 

The coaBtal pattern appears to be due in part to the coastal deposits as 
shown by the present growth of the south coast. Offshore coral reefs are 
being built. Inside of these land-derived silts arc accumulated until the 
water is shallow enough for mangrove bushes. These form veritable traps 
for sediment and the sea floor is rapidly transformed to dry land. .\11 
along the south shore this is an active priKWSS, If one could remove all 
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this built land the angular character of the south coast would be very 
pronounced. The projections seem to have lu) relation to presfiit streams ; 
they are not deltas: in fact, they are composed of truncated rock covered 
with a thin vene*T of coastal plain. A tentative theory la proposed — the 
southwest shore of each of these prongs has a trend practically parallel 
with the general structure of the region. Moreover, if the variou.* resist- 
ant strata were coufinueil to tlie sea they would in each case follow these 
projections. When the regiim was suhmorgeil, subsequent valleys were 
drownwl and the ridges between were plaiieil by the iulvancing sea. Then 
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the uplift of 250 feet came^ which was not sufficient to folly resuscitate 
the drowned portions which form the embayed portions between each pro- 
jection. The combined results of drowning and marine planation have 
produced the angular coast lines. 



The withdrawal of the sea to its present position exposed a series of 
terraces covered by a mantle of sediment. This mantle is called a coastal 
plain^ though it is conmionly misnamed playas (Grabau, 1913). 

The coastal plain is a heavy black alluvial silt deposit and is looked 
upon as delta material deposited beyond the cutting edge of the advanc- 
ing sea which carved the southern coastal terrace. After being deposited 
as deltas^ littoral currents swept the material along shore and so spread 
a thin veneer over the whole wave-cut terrace. The mangrove bushes 
undoubtedly were an important factor in the formation of this coastal 
plain. Their ramifying branches caught the silts and caused the sea 
bottom to be rapidly brought to the surface. Thus part of the Central 
Aguirre Harbor near Pta. Garchones within the last five or six years has 
had a fringe of land built out from the shore over 200 meters and the 
mangrove belt has advanced seaward an equal distance. 

Early Intrusives^ Flows and Pyroclastics 

ocourrenoe 

The earliest intrusive igneous rocks occur as innumerable dikes and 
sills cutting the older series and as occasional flows and as fragments in 
tuffs and volcanic breccias. 

The rocks of this series will be discussed in two divisions. The first 
described will be the composition rock types, and the second the struc- 
tural types. 

COMPOSITION TYPES 

The following composition types will be described : rhyolites, feldspathic 
andesites, augite andesites, olivine andesites, basic augite andesites, 
olivine-free basalts and olivine basalts. 

Rhyolites. — Rhyolites are extremely rare and occur widely separated 
as thin flows. Most of the rhyolitic types were observed as occasional 
fragments in volcanic tuffs and breccia in the younger rocks of the older 
series. 

The hand specimens are mostly aphanitic, though a few show quartz 
grains as large as 1 mm., and flowage structure is well developed. Tlie 
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color varies from gray, bluish-gray to buff and all are more or less mottled 
by iron stains. 

In thin section a few of these rocks prove to be glasses. Patic sub- 
stance varies from 76 to 90 per cent, which is colorless, shows excellent 
flow lines and contains many blebs and bubbles. In most of the thin 
sections the quartz cannot be certainly distinguished from the feldspars. 
In some, however, small .03 mm. euhedral quartz crystals occur. Tabular 
clear feldspar of the sanadine variety is the rule, but orthoclase and 
even albite are frequently found, which are usually kaolinized. Magnetite 
and titanite occur. Secondary minerals are limonite, kaolin, sericite and 
leucoxene. Some of these rocks are devitrified, as shown by the micro- 
aphantic but not isotropic groundmass, and these rocks are much affected 
by epidotization and carbonation. 

Feldspathic Andesiies. — The feldspathic andesite rocks occur as small 
dikes, as thin sheets or flows and as parts of volcanic tuffs and breccias 
throughout the entire district and cutting all the sedimentary formations 
of the older series. While their distribution is universal^ they do not 
occur in equal abundance in all parts of the area. Thus, in the eastern 
part of the district they are about the only rocks to be found, but to the 
westward, andesites of other varieties increase in number until in the 
extreme western portion feldspathic andesites are found infrequently. 
In other words, feldspathic andesites are more numerous in the proximity 
of the granite batholith and appear to be diaschistic dikes. 

These rocks, as found in the field, show grains which are rarely larger 
than 3 mm. and very few of them are aphanitic. Where glassy substance 
is present it is only found by microscopic study. Most of the rocks are 
hiatal — that is, show crystals of marked larger sizes — ^but few show a 
perfect gradation between the grains of various sizes. The minerals as 
a rule, have a tabular or prismatic habit and some have a true granular 
shape. Only phenocrysts of plagioclase appear, which are usually tabular, 
though at times they are prismatic. Rarely do the plagioclases occur in 
groups, but when they do, two or more are crossed like the letter X, and 
some are striated. The colors of these phenocrysts vary from pure white 
to pale green when fresh. The color of these rocks as a whole is de- 
cidedly light green, though darker green is common and other colors are 
gray and buff. Commonly the green color is not uniform, but within the 
pale green spots of much darker green occur. These types upon weather- 
ing simply get a darker green, though the feldspars at times take on a 
reddish color due to iron stains. Epidote areas are common and these 
begin to develop just about the feldspars. The rocks are frequently 
fractured and the fractures cemented with calcite or in some places by 
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epidote. Some contain vegjules which are UBtiallj about 4 luiii, long ati'i 
filled with calcite, whicli is white or pink. Microscopic atady shows the 
structures of these rocks to be extremely variable. Some are equigranular, 
otliers are decidedly hiatal, but most of them occupy positions between 
the two extremes. By far the largest number are seriate porphyroid, Tbe 
larger grains rarely get above 3 mm. in size, the average larger crystals 
or phenocrysts are about 3 to 5 mm, and the smallest grains in the 
groundmaes are .05 nun. The phenocrysts seldom make up more than 
85 per cent of the rock ; the average is 10 per cent In some rocks the 
crystals have no definite arrangement, but in most the crystals in the 
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groundmass have a true pilitic texture. Barer types have diabase texture 
and extremely rare types have fine granular texture. 

Tbe feldspars prcj^ont in greatest nbundauue are of tlie iiligiH'liii!'!- 
andesine variety. They are tabular to prismatic, dull, at times highly 
altered even to c-oniplcte replacement, frequently embayed by the grouii'l- 
niaB.«, and often containing inclusions of the groundmass. The twinning 
lines are iircpular and uneven. Very commonly tlic feldspars are cumu- 
lophyric. The feldspars are extremely susceptible to alteration and in 
fact it is a rare thing tn find a fresh one. Tbe change to chlorite takes 
place readily and especially in the case of the smaller crystals. In this 
variety of andesite. where the groundmass is highly feldspathic, it is 
usually enliivjy alfpred to chlorife: hence the gi^ecri color of all these 
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rocks. The feldspars also alter very readily to calcite. In some this 
alteration has proceeded to such an extent that they are commonly mis- 
taken for limestones. Other alterations affecting the feldspars are 
changes to secondary quartz^ epidote^ actinolite, and zeolites which are 
hydrothcrmal effects. 

The feldspathic andesites are almost a single primary mineral type. 
I'he only other primary constituents are magnetite and apatite. The 
magnetite is often euhedral and averages 5 per cent in amount (Fig. 24). 
'I'he fillings of the amygdules will be discussed under hydrothcrmal 
effects. 

Augite Andesites. — Eocks of the augite andesite variety are very rare 
in the eastern portion of the Coamo-Quayama district. In the central 
part, compared to the feldspathic andesite, they occur as two to one and 
in the western third as three to one. They are not confined to rocks of 
any particular age, but occur as small dikes, sills and flows in rocks of all 
ages. Sills especially are abundant; augite andesites occur most profusely 
as components of the tuffs. The two best occurrences of columnar rock 
are of augite andesite, one of which occurs about three miles north of the 
La Lapa and the other on the Aibonito-Comerio Road at K. 40. The 
several occurrences of pahoehoe lava are of augite andesite. Augite ande- 
sites are found about the several volcanic centers and are especially 
abundant about the volcanic center east of La Lapa. The augite ande- 
sites therefore are by far the most abundant igneous rocks in the district 
and make up the major part of the pyroclastic sediments. The size of 
the grains in these rocks is characteristically small, usually below 3 mm. 
in their lar<i:est dimension, and a few of the rocks luive components so 
small that their crystallized character cannot be determined with a hand 
lens. The few types which are in part glassy were only so determined by 
microscopic study. Over 80 per cent are porphyritic, and of these but a 
small portion are augite porphyries or with phenocrysts 5 mm. or larger. 
The fabric is most variable ; some are decidedly hiatal — i. e., composed of 
two types of grains differing greatly in size. In some the grains are of 
uniform size. In most of these rocks the grains are tabular or prismatic 
and have pilitic or dial)asic texture. In a few rare types the texture is 
truly granular. In some of the rocks of this type only augite phenocrysts 
are to be observed. These are usually equant or cquant-tabular, of dark- 
green color, and the augites are fresh and clear and more or less perfect 
in form. The feldspars when observed are usually tabular or tabular- 
equant, rarely prismatic, and frequently many are grouped together and 
conmionly two or more feldspars are crossed like the letter X. Striations 
are rarely present. The color is sometimes white, usually gray or green- 
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ish-gray. Weathered portions of these rocks do not, as a rule, show augite 
crystals, but their former presence is attested to by euhedral cavities ami 
within the rock the augites are freeh and clear. This is remarkable in 
view of the fact that even iu the freshest portion of these rocks the feld- 
spars (as shown by microecopic study) are highly altered. The feldspars 
in the weathered parts of the rocks are usually firm and take on a jiink 
color, due to iron stains, and are therefore easily mistaken for orthoclase. 
The color of these rocks is almost always green, at times greenish gra.^-, 
more rarely gray, black, brown, purple, violet, or buff; some are cream. 

A few of these rocks are Tesicular. The vesicles are round or elongated 
and may reacli 2 cm. in size. The average size is ."> mm. and usually tlie 




cavities arc filled with chlorite and calcitc. Some in addition have fill- 
ings of secondary quartz, actiiiolito, epidote, znoUtes and hematite. Be- 
cause of the great number of these rocks they are vcrv difficult to descril>e 
microscopically. No two of thein are just alike. The fabric is mostly 
seriate intcrsertal to seriate prophyroid. A few are seriate prophyritic, 
especially those with a glassy base. The pheuocrysts make up on nn 
average 23 per cent of the rock. The arraiigerainit of the crystals is 
varied, but the pllitJe type of texture prevails, and diabasic and diverse 
is common (Fig. 25). The maximum size of the phcnocrysts is 4 mm. 
Usually the feldspars are the larger crystals which are of the oligochise- 
andesine variety. These feldspars are tabular to prismatic and irregu- 
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larly twinDed. Some have Carlsbad twinning superimposed on the albite. 
The feldspars of the groundmass rarely show twinning and are very pris- 
matic. Frequently the feldspars are zonal and cumulophyric Some con- 
tain inclusions of the grouudmaas and some arc embayed by the ground- 
mass. A little orthoclase and labradorite occur. All the feldspars are 
dull and most are partly to completely altered to chlorite, calcite or zeo- 
lites. As phenocryats the feldspars rarely exceed b per cent, but their 
great abundance in the groundmass brings the per cent up to 60. Augite 
is the most common phenocrystic mineral. It occurs up to 25 per cent 
chiefly as phenocrysts, thoujih a second genei'ation of augite is always 
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found in the groundmass. The largest are 3 mm. in size. The augitcs 
are cquant to tabular, euliedral, highly cleaved, fractured, sometimes 
twinned, pale green, fresh and clear. Often perfectly fresh unaltered 
suites are found in a rock where the feldspars are entirely altered (Fig. 
26). Upon weathered surfaces, however, the augitcs are the first to alter. 
Therefore, the freshness of the augite and the alteration of the feldspar 
in a rock is sure proof of hydrothermal alteration, for no other influence 
could affect rocks not exposed to the surface. The augites are character- 
istically cumulophyric and commonly contain inclusions of groundmass, 
bubbles and magnetite. Magnetite occurs in large and small grains, 
usually euhedral. Aside from apatite, no otiier primary minerals occu*'. 
Calcite, chlorite and quartz are the common secondary and frequently the 
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predominstiug minenils present. Introdnoed zeolites, epidote, antinolite, 
Hiid quartz are frequently ewn. 

The glasey varieties of the angite andesitea occor only as portions of 
tuffs and volcanic breccias. In these the stmctiffe is decidedly porphy- 
ritic. Dark brown glass forma 70 per cent of the rock, which contains 
abundant veaicles and crystallites and shows a well-developed flow struc- 
ture. The feldspars form 10 per cent of this rock and are tabular 
twinned, clear and are of the oligoclase-andesine variety. Angite up to 
16 per cent occurs in small enhedral pale green, cleaved, fractured fresh 
grains. Apatite and titanit^ also occur. Ijeucozene and chlorite are de- 
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reloped in limall amounts. These paloganites or augite andesite vitro- 
phjres cannot bo other than the former glassy scum formed on the sur- 
face of some lava-filled crater (Fig. 2T). 

Olivine Atidesiles. — AndesitJc rocks containing olivine are not abun- 
dant, thougli poveral notable occurrences of them were observed. Thus 
north of l.a Lapa is a largo exposure occupying the bed of the Rio de la 
Lapa for half a mile and in the vicinity of a volcanic center east of La 
Lapa th((y are common as dikes and thoy occur throughout the central 
and western half of the district as dikes, sills, flow?, or as fragments in 
tulTs and volcanic breccia. 

The hand specimens of these rocks lnok very much like the augite 
andesitcp, from which they differ only by the darker colors of the ground- 
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mass and the presence of olivine instead of augite crystals. The ground- 
mass is gray, dirty green or chocolate and iron stains are very common. 
When the olivine is present it occurs as tiny 1 to 3 mm., euhedral crystals, 
but usnally the olivine is altered and its former presence is shown by 
cavities of olivine shape filled with limonite. 

The microfabric of these rocks -is seriate intersertal to seriate porphy- 
roid. Phenocrysts make up 37 per cent of the rock. The largest grains 
reach 3 mm. Since augite also occurs in these rocks they might be con- 
sidered as basalts, but we place in this group all the rocks in which the 
quantity of the feldspars is three times the femag constituents. The 




feldspars are oligoclasc-aiidesine with some labradorite. As phenocrysts 
they do not exceed 5 per cent, but wince they arc extremely abundant in 
the groundmass their average percentage is 70. .The oligoclase-andcsine 
occurs in priematic crystals with regular twinning lamcllic. They are 
altered to calcitu and much stained by limonite. The augite is the usual 
pale green, fresh, twinned, cleaved, fractured, cumulophyric crystals with 
chadoerysts of magnetite and makes up 10 per cent of the rock. The 
olivine grains are small, about one or two mm. occurring only as pheno- 
crysts. When fresh they are euhedral, but usually they are completely 
altered to serpentine, limonite and hematite. They are very cumulo- 
physic and make up 5 per cent. Magnetite occurs as large irregular 
grains, frequently intergrown with augite, amonntiiig to ."i [wr cent. 



J78 8CIKXTIFIC SURVEY OF PORTO RICO 

Hematite, IJmonitc, Berpentioe, secondary magnetite are the alteration 
minerals (Fig. 28). 

Basic Augite AndesUea. — Only two occurrences of basic angite onde- 
sites were observed, both as dikes cutting the lower parts of the older 
series. The matrix of this rock is aphanitic and dark doll grayish green. 
Small 2 ntm. dark green, almost black,- equant augites and 5 mm. laths 
of pale green feltlspar form the pheoocrysts. The microscopic appear- 
ance of these rocks is very similar io the angite andesites described above, 
from which they differ in the greater percentage of femag minerals. 
Thns in the augite andesites the ratio of feldspars and femags runs 70 
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to :i» and in tlicse «.") to ;(5. Tlio fabric is seriate porphyroid and the 
arrangement of the crystals is diabasic. Phenocrysts form about 40 per 
cent of tlie rock. The feldspars are of the nndesiDC-labradorite vnrioty. 
Some oligoclase alsij occurs. Tlie feldspars are tabular, irregularly 
twinned and zonal, and contain inclusions of brown glass. Thoy occur 
in groups and are strongly affected by chloritic alterations. As pheno- 
cryats the feldspars form 30 per cent of the rock and the augite 13 per 
cent. TJic phcnocrystic augites are tabular to equant, subhcdral, fresh 
and curaulophysie. In the groundniass the feldspars arc extremely pris- 
matic, fresh and form 9 per cent. The augites of the groundmasa form 
14 per cent, are equant. fresh, highly cleaved, pale yellowish green, non- 
jdeoehroie and interstitial. Magnetite in large 4 mm. equant grains 
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forme 8 per cent and a few grains of ajiatiU' ot-cur. Clilorit*; developed 
along cleavage plaioB in the feldspar is the only secondary mineraL 
Some of these rocks are aniyg<]aloidal with calcite 611ing8, 

Olivine-free Basalts. — The only occurrence is a vesicular flow near a 
boss of granodiorites northeast of Coqui. CoDBidered megascopically it 
is slightly porphyritic, with light t« dark gray feldspars occurring in a 
dark gray matrix. Small amygdule areas tilled with white calcite aro 
present. The fabric of this rock is seriate porphyritic, PhenocrystB of 
feldspars 1 mm. in size occur in a consertal groundmass and are chiefly 
andcsine-labradorite, which are tabular crystals made up of broad twina 




of variable width. As jihcnocryats and as groundmass the feldspars make 
up 60 per cent of the rock. About 30 per cent of bytownite anorthite 
occurs, which is simitar to the other feldspars except in extinction. 
Xearly 10 per t-ent of .05 nun. cquant grain of augite arc present, f'nl- 
eit«, chlorite and hematite occur as secondary minerals (Fig. 39). 

Olivine Basails. — ^Tho olivine basalts are found frequently among the 
tuffs or as flows, dikes or sills of the older series. The color of the matrix 
is very dark gray, purple or reddish. The phenocrysts are 3 mm., equant 
to tabtilar dark green augites, 5 mm. tabular, striated, light green feld- 
spars, and rusty pits of olivine shape. Most of these rocks are either 
vesicular or aniygdaloidal (Fig. 30). A study of the thin sections shows 
some of them to be basaltit: vitrophyres wliich have a decidedly hiatal 
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fabric. Phenocrysts make up 50 per cent of the rock. In part the 
groundmass is microaphanitic. The basic glass is grayish yellow, though 
in part it is greenish, probably due to chlorite alterations. The yellowish 
glass is crowded with tiny bubbles, globulites and perlitic cracks. The 
phenocrysts consist of large 1 mm. crystals of bytownite-anorthite, 10 
per cent of andesine, and 10 per cent of labradorite. All the pheno- 
crysts are tabular, broadly twinned and altered along twinning planes to 
chlorite. Clear, fresh equant pale green euhedral augites occur, amount- 
ing to 10 per cent. Olivine entirely altered to serpentine reaches 5 per 
cent and a few grains of magnetite are always present. 

The holocrystalline types of oUvine basalts have a seriate porpliyritic 
fabric and possess phenocrysts, which make up 35 per cent of the rock. 
The feldspars wliich range from andesine to bytownite are tal)ular, 
broadly and irregularly twinned, dull, zonal, resorbed and at times com- 
pletely altered to chlorite and carbonate. The augites are clear, equant 
to tabular, euhedral, pale green and cumulophyric. The euhedral olivine 
is dull or entirely altered to limonite, magnetite, chlorite and iddings- 
ite ( ?), The groundmass is made up of "fern magnetite" — that is, mag- 
netite (Tvstals in parallel growth and untwinned laths of feldspar, la 
total the olivine makes up 12 per cent, augite 10 per cent, magnetite 15 
per cent, and feldspar with secondary products the remainder of the rock. 

SPECIAL STRUCTURAL TYPES 

Some of the al)ove-described composition types take on structures which 
deserve special mention. There are many occurrences in Porto Rico of 
volcanic flows filled with pyroclastic materials. These flows are either 
augite andesite or feldspathic andesites. Scattered throughout the igne- 
ous matrix are lithic fragments and sedimentary fragments. Some of 
these rocks are crowded with introduced fragments, as, for example, the 
beautiful rock exposed in the stream bed just east of Cayey. The frag- 
ments show little or no absorption, but they do show at times contact 
phenomena. Thus ouliedral .0.") mm. pale ^greenish-yellow garnets form 
rims around the feldspars and occur scattered irregularly throughout the 
groundmass (Fig. 31). Other examples of flows flUed with breccia are 
found east of Coamo, just south of Cidra, near the northward bend of 
Rio (le Cuyon and just west of Comerio. True flow breccias were found 
whicli belong to the augite andesite or fehlspathic varieties. In thin sec- 
tion they are seen to be composed of angular fragments lying in irregular 
positions, in a matrix of the same composition. The l)est example was 
found south of Tidra (Fig. 32). 
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The most interesting tjiies of compound rot-k are conglomerates witli 
an igneous matrix, of wliich several fine examples were observed. An 
accesaible occurrence is between K. 86 and K. TS on the Military Road; 
another is found where the Rio de Ciijon turns westward, but the very 
best extends in the bed of tlie Rio Jajome for nearly a mile in the Jajome 
Gorge. Others were observed north of La Lapa, and southwest of 
Comerio, and east of Barros. These formations show typical conglom- 
erate fltnicture. Pebbles and boulders occur in layers, semi-oriented, and 
between them the finer [wbbles show torrential bedding. \'iewed from a 
distance, the igneous character of the niatrix would not bo suspected 
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{Fig. 9). Critical pieces selected and examined microscopically show 
good igneous structure {Fig. O-l). This structure might have been de- 
veloped by metamorphism, l)ut this is disproved by the unmetamorphosal 
character of the under or over lying beds. Moreover, the same conglom- 
erate traced along the strike clianges to formations with a sedimentary 
matrix. The matrix is undoubtedly primary igneous rock and was locally 
introduced, which would be possible in several ways. A valley lilied with 
conglomerate boulders or a fan of conglomerates might haie had a flow if 
lava pass over it. Tliis lava would sink into and fill tlie interstices and 
so cement the borders. ]u view of the perfect sedimontiiry matrix of 
the same conglomerate beds elsewhere, it is unlikely that tlie portion 
with a conglomerate matrix was free of tuff or iiiterstitinl silt matler. 
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tlie proeeiK-e of wliith would have prevented the lava flowing over the 
aurf&ce to seep downward. The preservation of the torrential hedding 
and the se<.linientary matrix in part argues against a lava flow picking 
up pebbles and boulders and carrying them with it down a slope. The 
only reasonable explanation is that first assigned by Berkey for the oc- 
currence on the Military Boad. From a fissure below these conglomerates 
lava issued and soaked slowly upward into the conglomerate, producing 
in it, locally, an igneous matrix. This lava must have been extremely 
fluid, and this is quite possible, in view of the fact that in all occurranced 
the matrix is an augitc andcsite, to be able to seep upward and replai^e 




the sedimentary matrix without distnrbing the original torrential struc- 
ture. The invading lava, in greater part, replaced the Bedimentary mat- 
rix, for ail test Bpocimens show no trace of former clastic fragments and 
there seems to be no other view to take tlian that the lava was able to 
assimilate the finer clastic material, which was probably due to the fact 
that the heat of the lava was effectively protected from radiation by the 
heavy blanket of seiliment-s overlying the conglomerate. In places, such 
as tlic north of T>a Lapa and in the Jajome Gorge, some of the pebbles 
appear to show ti transitional boundary ivitli the matrix. Wherever ex- 
posed in n stream bed the conglomerate affords a most pleasing ap- 
pearance. The augitc andesite matrix, highly altered to chlorite, forms 
ii greon l>a(-kj.'roun(l into wliich lionldcrM of every she and color are set. 
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Vesicular or nmygdaloidal struetiirea are found in feldspathic ande- 
siteB, augite andcsiteB, basic aiigite andesites, olivine-free basalts and 
olivine basalts. These types, therefore, are all surface flows. The ab- 
sence of this structure la tbe hornblende-bearing rocks is in accordance 
with the view expressed on a later page — that the liornblende is the deep- 
seated equivalent of the augite. Rocks of this character are not as com- 
mon as one might expect in a region where volcanic action of a surticial 
nature has played so important a role. Strictly vesicular flows are ex- 
tremely rare. Pahoehoe structure is to be found in the northern portion 
of this district. Good exposures of augite andesites, outcropping on the 







Comerio-Aibonito-Barros Hoail, show this feature very well. In some 
cases the structure is accentuated by the fact that at the time of the flow 
tuffs were falling and the tuffs have served to separate the various billows 
of lava one from the other. Columnar structure was observed in two 
places, between K. 40 and K. 41 on the Comerio-Aibonito Road, and an- 
other at the head of the Rio de la Lapa. Both are developed in augite 
andesites. In the latter exposures the eohimns are hent in their middle 
as shown in the accompanying sketch {Fig, 34). The total thickness 
of the augite andesife at this point is nearly .10 feet and the individual 
columns are about 14 inches thick. In the sketch the solid lines show 
the actual body observed -.aiog are cooling surfaces of equal temperature, 
and since the columns must develop normal t^i these cooling surfaces it 
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will be seen that near the end of every flow there mnst exist a positio-i 
where the cohinrns will be bent, aa shown iu the figure. 



All the rocks described above are considered early differentiates of the 
batbolitb which is exposed in tiie eastern end of the island and which 
extends westward beneath the Coamo-Guayama district. If all the types 
could bi> averaged the composition would probably be that of an angite 
andesite, a rock which may be considered to represent the composition of 
the magma FL-servoir from which they were derived. Since the sediments 
in the Coamo-Guayama district were derived from rocks of the same com- 
position, the view caimot he held that the composition of the undurlying 
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magni.1 waf ihie to their ii.<k initial ion. The ciim)HMiitiun was cither pri- 
marily iuigite andesite or made so hy assimilation of rockiJ n()t exposed 



Bat HOI. IT H re Rocks 



OCCUmtKNCE 



Tlie greater portion of the batliolithic rocka lie beyond tlie limit-i of 
tliif^ district and enter it only as a somewhat detached mass occupying tlie 
hills just west of Gunyama. 



GKMiKAL CIIARArTER 

The general cliaracter is described by Berkey (1915, p. 28) : 

TJie most prominent t.vi>e of Intrusive mass is that seen in the southeast p(ir- 
tloii of th(< island, includlnt; tlie district ahout Huamacao and Ynbucou and 
Ims ricdrus and Junoos. Whether or not tliis is all one mass belongiag to a 
single Intrusion has not been dctermlacd. The variety of composition seen Id 
tlie different snniiiles. taken at dlfferi'iit iioliits, Is con.Hlstont with tlie presence 
of more tlian one Intrusive unit: init it is also iwissilile and gulte as likely that 
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the variety observed is wholly due to magmatic differentiation. The southerly 
portion of this mass, especially that near Yabucoa, Is represented by a very 
coarse, very quartzose and almost pegmatitlc granite. Farther to the north, in 
the vicinity of Las Piedras Juncos, the rock has the appearance of a syenite. 
Although a part of the rock does show the composition of a true syenite, by 
far the greater number of specimens collected on this expedition show the 
presence of quartz in sufficient amount to make the rock a granite. It would 
appear, therefore, that this occurrence in the southeast portion of the island 
is essentially a granite mass and that it is of unusually large size, reaching 
practically from the coast at Maunabo to Caguas. The distance across this 
mass is, therefore, not less than about 12 miles north and south. In all proba- 
bility it is not of quite so great an extent east and west, but these boundaries 
are unknown. 

The portion adjacent to this district is not coarse enough to be a true 
granite. Micropegmatitic structure is characteristic. Traced toward the 
Coamo-Guayama district it becomes dioritic in composition and the grain 
becomes finer until at Guayama the extreme border is an andesite in com- 
position and texture. 

Hornblende Granite, — Hornblende granite is the only type which en- 
ters the Coamo-Guayama district. The hand specimen appearance is 
mottled, due to grains which are of equal size and irregular form. Areas 
of dark green hornblende 1 to 3 mm. in size are separated by larger areas 
of quartz and feldspar. The feldspar is either white, pale pink, or pale 
green. Under the microscope this rock is holocrystalline and oqui gran- 
ular. The average size of tlie component crystals is 2 mm., which is al- 
most too small for a granite. The rock consists of 30 per cent orthoolase 
intergrown micrograph ically with quartz. Feldspar of the albitc-oligo- 
clase variety occurs to 20 per cent. The feldspars are faintly kaolinized. 
Quartz occurs as part of the microscopic intergrowth and as euhedral 
grains. The latter contain numerous lines of bubble inclusions. Quartz 
makes up 40 per cent of the rock. The hornblende occurs in prismatic 
crystals, is cumulophyric and makes up 5 per cent of the rock. The horn- 
blende is in part bleached and in part altered to epidote and chlorite. 
Other primary constituents are titaniferous magnetite altered to leucoxene 
and apatite. Some limonite stains occur and the rock is highly altered in 
part to epidote, and needles of actinolit<^ (l"i^- 35). 

(JKXKSIS 

Whether the batholith is a satellite or the peripheral portion of the 
primitive batholith, it must represent the residuum left after the separa- 
tion of the augite andesites and basalts. Whether it is injected without 
solution or whether it is invaded by dissolving the country does not mat- 

ft. C J ft 
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U-r, fur ill tlic latter case it would only assimilate a small portion of tlif 
rocks, eliminated as intnisioDB and extruHions in an earlier period. Such 
assimilation would increaae ita basicity bnt little; it would return to a 
stage in its magmatic history a little previous to its present one. Because 
the apophyses of this batholith are of intermediate composition and quan- 
titatively small, to return all apophyses to the batholith would increase 
slightly its basicity ; therefore, at the time of its injection the composition 
of this batholith was probably grandioritic or monzonitic. Hence, if in 
turn we add the large number of augite andeeilos and the few basaltic 




Pio. Sa.- -HoFHblenile granite 

types, the composition of the primitive magma is obtained, which would 
be dioritic. 

Latkr iNTiirsivK Rocks 

OCCUHitKXlK 

Uocks of this scries occur as large intrusive dikes and stocks through- 
out this district. They l>ear undoubtedly a diaKchistic relation to the 
batholith. The composition range in tliia group is from biotite grano- 
diorite to hornblende andeaite, which is a greater rangt> than exists be- 
tween the extreme of the earlier intrusivcs. 

BiotUe Granodiorite. — Just north of where the Bio de Cuyon turns and 
flnws westward is a boss of granoiliorite wliich cut^ the Barranquitas- 
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Cayey Beriee. A group of hills east of Coqui is formed by a boss of this 
jx>ck, the margiiial phase of which is diorite and near its base a dike of 
sogite andesite aiid a flow of vesicular olivine-free basalt are fouud (Fig. 
36), Megascopically the rock consists of 2 to 5 mm. maeaes of dark green 
biotite and occasional specks of hornblende or pyroxene in a white to light 
green field of feldspar. In some varieties the quartz is not apparent in 
the hand specimen. In thin section the rock is equigranular and made up 
of grains which average 5 mm. in sizu. Oligoclase in dull, tabular, sub- 
hedral, twinned crystals amounts to -la per cent. Some of the oligoclase 
is twinned according to both the albitc and Carlsbad laws. The biotite 




occurs in brown and green cumulophyric intergrown patches amounting 
to 15 per cent. Much of the biotite has gone over into the chlorite. The 
first occurrence mentioned above has 5 per cent of clear, colorless augite, 
the second a small area of green hornblende. In the former the quartz 
occurs in interstitial material, in the latter as multiform grains with 
many strings of inclusions. In both, quartz is present to about 20 per 
cent. Equant grains of magnetite and prismoids of apatite and zircon 
occur. Sericite is secondary and epidote an introduced mineral. 

Hornblende DioHle.—Rocks of this type occur throughout the older 
aeries as bosses or thick intrusions. They are more common than their 
finer-grained equivalents, the hornblende andesitcs, suggesting a genetic 
relation existing between depth and the occurrence of hornblende. As 
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observed in the field the size of the grain ranges between 2 mm. to 5 and 
6 cm., the average being 3 mm. With few exceptions the rocks are com- 
posed of grains of equal size and these are thoronghly intergrown. In 
some, however, the hombteDde crvDtals get very large; a few have been 
observed which were 6 cm. long. The hornblendes are decidedly pris- 
matic, bUck and fresh. The feldspars are tabular, rarely striated, and 
vary in color between white and pale green. Generally the hornblendes 
occur as interstitial matter between tiie feldspars. A few grains of mag- 
netite are common. The microscope shows the essential stracture of these 
rocks to be seriate homeoid, and composed of grains averaging 1 mm. in 
size. About 50 per cent of this rock is made up of tabalar 1 mm. euhe- 




Fio. 37. — Hornblmdt diorl 



dral, broadly twinned crystals of andcsinc. Most of these andesines are 
fresh and clear, though a few are slightly altered to chlorite and zeolites. 
A few crystals of labradorite, less of orthoclasc and many of oiigoclasc 
occur. The hornblende is pale green, subliedral, and pleochroic, occurs 
interstitially and cumulophyrically, and contains eliadocrysts of feldspar. 
Around the borders of the honiblendes are large numbers of magnetite 
grains. The hornhU-udes have very ragged l>orders ami the magnetites 
occur within the shadowy former border of the crystals. Apparently the 
magnetites are left as a residuum after the dissolvijig away of the horn- 
blende borders. Honiblendo makes np 25 per cent of the rock. About 
the border of the hornblendes and occurring apparently as recrystalliza- 
tion substances are tiny angite and caleite crystal^!. Magnetite occurs in 
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large areas with chadocrysts of feldspar. Apatite also occurs as a pri- 
mary mineral. The feldspars arc altering to calcite, sericite and secon- 
dary quartz (Fig. 37), 

Homblende-Augite Dwrite.—rSuat south of La Lapa several dikes of 
this variety of rock were obFier\'ed. Considering the large number of 
Bugite andesites, it is remarkable that no augite diorites were found ; or, 
to view the matter from another point, the large number of hornblende 
diorites is in striking contrast with the very few hornblende andesites. 
In hand specimens the hornblende aiigitc andesites are made up of holo- 
crystalline, equigrannlar, intergrown 3 mm. areas of dark green horn- 
blende with smaller white feldspar areas. Under the microscope this rock 




.W.— HornWeBife-OHfffff dlnrile 



appears seriate porphjToid with the largest grains reaching .05 mm. The 
feldspars are chiefly andesinc with some uligocla«e and make up about 50 
per cent of the rock. The hornblende is all altiTcil to chlorite and in and 
near the chloritic areas, still rotaininj; the hornblende shape, are small 
crystals of augite. Some of these augitcs are cuniulophyric. The augite 
therefore appears to have been derived from the hornblende. Long 1.5 
mm. needles of apatite occur. The feldspars are zeolitiitoi] and secondary 
quartz is present (Fig. 38). 

Hornblende Atidrsiti;. — nornl)lenfle andesites occur as thick dikes. A 
fine one is exposed on the Aibonitn-t'oamo Military Road, between K. 97 
and. K. 98, and several dikes nccur south of the Coamo Besenoir dam. 
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In all occurrences Uie rocks are coarec, ahnoBt liorablende dioritee. No 
apecimens were observed in tlie volcanic tuffs. Hand specimens show 
grains which may approach 4 mm. ; the average is about 1 mm. except in 
a rare occurrence which has a divitrified gronndmase. The fabric is, ae 
a rule, hiatal, with large phenocrysts of plagioclaee and hornblende occur- 
ring in the gToundmass, which may be light or dark green, gray, pale 
blue or dull gray. The plagioclaae crystals are tabular, rarely striated 
and sometimes crosse<l. The hornblendes are black, shiny, and highly 
prismatic. 

Under the microscope the fabric is usually foand to be seriate porphy- 
roid, though a few may be seriate porphyritic. The larger crystals, com- 




Fia, 3n —Il'-rnblen'lc oN(ie«l(c 

moiily in tliu case of h()niblpii(io, reach 5 mm. in size and the feldspars 
3 mm. The crystals of the groiiiiflmass may be so small that the texture 
is microcrypto-crvstalliiie, as iii the rase of one hornblende andesite with 
a divitrified matrix. Tho most conimim texture is diabasic. The pheno- 
crysts arc bomb lull <les and feldsjiars. The hornblendes are euhedral to 
subhedral. prismatic, dark grt-on, usually cuinulophyric, and highly al- 
tered to chtoriti! and epidote. Simic (imtaiii chadoerysta of magnetite, 
which commonly showti octahcilml parting. Magnetite amounting to 5 
per cent also frequently occurs secondarily as a product of reorganization 
about tlic ragged borders of the hornblendes. The feldspars are of the 
oligoclase-andeaine variety, with the emphasis on the andp.fine, and aver- 
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age 16 per ceat One or two per cent of orthoclase occurs at times aiid 
an occasional crystal of plagiuclaso. Tlie (elOsparn are irregularly twinned 
and zonaL Their shape is tabular, as phenocrysts, or prismatic in the 
groundmass. The phenocrystic feldspars are commonly cumulophyric, 
crossed and highly altered to chlorite and calcite. Magnetite occurs 
in equant crystals up to 5 per cent. Other primary minerals are 
apatite, pyrite and ilmenite. The groimdmass is composed of feldspars 
and magnetite aud generally is entirely altered. The ratio of ground- 
mass to phenocrysts is 66 to 34, Other secondary minerals are zoisite 
and leucoxene (Fig, 39). 




Homblende-Augite Andtdle. — Dikes of this rock occur among the au- 
gite andesitos and are particularly common near I^ Lapa and north of 
the Banoa de Coamo. These rOcks in hand fi|>ecimeii show 3 mm. pheno- 
crysts of hornhlendc. These are set in a tight green matrix of feldspar 
laths. In thin section they are seriate- iiitersertal. Augitc cr^-stals form 
the largest phenocrysts, amounting to 10 per cent. They are pale green, 
clear, fractured, and elfaved ; the hornblendes are prismatic and green 
and are altering rapidly to chlorite. The honihlcuile occurs both as pheno- 
crysts and throughout the groundmass as shreds. The total amount of 
hornblende is 10 pi-r cent. Oligoclase-andesine in euhedral, zonal- 
twinned, prismatic, dull crvstals make up 60 per cent. Magnetite and 
apatite occur (Fig. 10). 
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GENESIS 

The rocks discussed above are thought to be diaschistic dikes given off 
. by a batholithic mass which underlies the Coamo-Guayama district. The 
range in composition is greater than in the earlier intrusives, which is 
due to the fact that a batholith which ascends to higher levels will show 
greater differentiation than at lower levels. This is due to the greater 
time for differentiation and the wider range in temperatures and pres- 
sures. The larger intrusives are more acid ; the largest observed were of 
biotitc granodiorite and the smallest were of hornblende andesite — that 
is, the nearer the intrusives approach in size to the batholic rocks the 
more acid becomes their composition, or the nearer the diaschistic dikes 
are eroded to the batholith the more their composition approaclies that of 
batholith. The succession of these various intrusives was not determined. 
Among the older andesites were a few hornblende andesites. The liorn- 
blende diorites are always thick dikes and much more common than horn- 
blende andesite. No augite diorites were found, but a few hornhlende- 
augite diorites were observed. In all these, as described above, the augite 
is reorganized from the hornblende, and the hornblende often shows re- 
organization to magnetite and secondary augite. Such facts show that 
hornbloiido as a mineral is genetically related to higher temperatures and 
pressures, and augite to lower temperatures and pressures. 

C'oNCI.l^SrONS AS TO THE AgKS OF TILK VARIOUS SeHIES 

SEDIMENTARY ROCKS 

In the above paragraphs two pronounced unconformities have been de- 
scribed. One exist.s between tlie Baranquitas-Cayey and the Sierra de 
Cayey series, beneath which some fossils were found and which give a 
clew as to the ages of the older rocks. A short distance below this uncon- 
formable contact two calyxes of a coral were found in a limestone which 
have been identified as CladophyUia furcifrra. Ordinarily this form is 
considered a typical index fossil for the Edwards division of the Freder- 
icksburg group of the Comanche in the Gulf region. Its presence here 
should indicate that the rocks are at least of Comanche age. Below the 
limestone occurs a thin bed of bog iron ore and in it were some leaves. 
Dr. Edward W. Berry and Dr. F. H. Knowlton identified these leaves as 
follows : 

.Yelsonia, an old ^fesozoie order of eycads. 
Protorhipls, a fern with same range as above. 
Another s])ec'ios of ^fesozoic fern. 
A (lic'otvledon. 
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The above authorities stated that these plants were not critical for the 
Comanche, but that they tended to support the evidence of the corals — 
at least they indicate Mesozoic age. In addition to tlie above, at several 
horizons some radioliaria, foraminifera and diatoms were found^ as fol- 
lows: 

Textularia gibhosa, d'Orbigny. 

Textularia conkaj d'Orbigny. 

Textularia triochus, d'Orbigny. 

Pleocanium {TextvJaria) speyeri (Keuss). 

Operculina sp. 

Orbitoides papyracea, fragments. 

Orbitoides faujasii, Sowerby, fragments. 

Paralia {Melosira) sulcata, Ehr. 

Coscinodiscus elegans grev ? 

Parodiscus concentrica (Flustrella concentrica, Ehr). 

Jjithorampe with seven joints and flatly compressed edges (Fig. 5). 

Orbulina universa, d'Orbigny ? 

TexiuJaria gibosa is a form well developed in the Miocene and early 
Tertiary and Textularia conka, d'Orbigny, is common today in the coral 
reefs of Porto Rico. However, Textularia. as a whole, is characteristic 
of tlie Lower and Upper Cretaceous; Operculina and Orhitoiflfs occur ako 
in the Cretaceous. Radiolarian forms, tliough very numerous in the Mio- 
cene, are well known to occur far back in the geological scale and Orbulina 
universa is common in the Upper and Lower Cretaceous. Thus while 
some have great range, yet in view of the fact that the most common 
form, Textularia, is generally Comanche or Cretaceous, it is probably safe 
to say that these smaller creatures also su])port a Comanche age for this 
system. 1 conclude, therefore, that the above rocks are Comanche in age. 

Immediatelv above the Sierra de Cavev and Barrannuitas-Cavev con- 
tact the only fossils found were several Orbitolites forms, w^hicli signify 
but little. About two miles north of the Kio Jueyes Water Gap and close 
to the Rio Jueyes River, in a very calcerous tuff, was found one speci- 
men of Venericardia alticosta.'^ In the Gulf States this is considered an 
index fossil for the Jacksonian and Claibornian formations of the Upper 
Eocene. But some fossils which are indices of certain horizons in one 
place are often found to belong to beds of older age in other regions. 
This may prove to be the case with Veneriiurdia nliicosta. 

Large numbers of foraminifera, radiolarians and diatoms were found 
in these rocks. In all cases the minute organisms weie only discovered in 
thin sections and for that reason their determination in many cases was 
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* Tdentlfled by Prof. A. W\ Gnibaii. 
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found impossible. SuflBcient were determined to testify very strongly 
to an Eocene age for these rocks. 
The types observed follow :* 

Foraminifera : 

Orbitoidea papyracea (Boubee). 

Textularia gihbosa, d'Orbigny. 

Globigerina bulloidea, d'Orbigny. 

Truncatulina lobaiula (W. and J.). 

Meliolina seminulum, Linn6? 

Textularia sp. 

Gandryina sp. 

Polytnorphina sp. 

Miliolina sp. 

Biloculine sp. 

Numulites sp. 

Orbitoides sp. 

Amphisiegina sp. ? (Fig. 19). 

Discorbina globularis, d'Orbigny. 

Globigernia sp. ? (Fig. 42). 

Ostracods sp. ? 

Ileliodiscus humboldti, Ehr? 

Porodiscus concentricus, Ehr? (Figs. 20 and 41). 

1 )i atoms : 

Melospiva nrenaria, Kab. 
(^oscetiodiscus tuarginatus. 
Melo.s-ira sp. 

Among tlie al)ove fossils Porodiscus concentricus is of early Tertiary 
age (Fig. 41), as is Amphistegina (Fig. 19). As a whole, this group of 
minute forms and Venericardia indicates Tertiary and some point directly 
to the Eocene. Apparently the Eocenic is in the older series. That this 
is so is further shown by the age of the next succeeding group of rocks. 

Tlie P](x?ene age of the uppermost rocks of the older series has some 
bearing on tlie problematical presence of tlie Cretaceous. For, in view 
of the universal presence of Cretaceous rocks in the islands of the West 
Indies which liavc been studied, it seems fair to assume Cretaceous rocks 
in the Coamo-Guayama district. There may be an unconformity be- 
tween tlie Eocene and Cretaceous ( ?) which was not found in the limited 
time devoted to this stud v. 

The next great break is the discordant unconformity separating the 
Rio Descalabrados formation and what little remains of the Arecibo in 
the Coamo-Guayama district. The age of the Arecibo is rather definitely 
fixed. Fossils were collected from it on the north coast by Mr. E. D. 
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Semmes and from it in the south coRst by Prof, C'hHrles P. Berkey. Both 
collections were identified by Dr. W. H. Dall. On tin- norUi coast were 
fouud : 

Melia trinitaria (Dall), an indL'X of tlio Bowden fomiatioii. Upper 

OligoctOit! of .iHinaii'ti. 
Pec ten sp. 

Haminea sp. Very abundant. 
Vypraea sp. Abundaut. 
Amo-urupsix sji. 
Comis sp. 
Ampuiina 6\i. 
Slrombus sp. 

Orbicellaaff. caientusa (Limii-). 
Priuged coral, not determinable, but similar to tiiose found in 

Oligocene of Antiga, Angiiilla and Cuba. Dr. Oall considers 

this an Upper Oligoeene fauna. 
Metis trinitaria, whidi is typically Upper Oligocene, it stated by 

Mr. R. D. Semmos to oecur at the base, as well as in the npiwr 

portions of tiiis formation. 

ProfeBsor Berkey collected his foasils west of the moath of the Descala- 
brados liivcr, just outside of tlie area under diMtussioti, and Hest of 
Ponce. Care was takon to gather them from the base of the Arecibo 
limestone, which is the younger series of Berkey. 

These were identified aa: 

Luiina sp. 

Lucitia sp., much like forms from the Chattahoochee. 

Pecten sp., like Pecten thetidis (Sowerby). 

Fasriolaria. 

A mauniiisii oc'iUrin. similar to fumis in tile Ocala limestone of 
tho Liuir Hlati-s. 

Mr. I!. T. Hill (ISll!*) stoics that tlit' .\rivib.i Ijnieslonc is in pari 
equivalent to the Arecibo on the north coast and (hough largely Pleist'i- 
cene, the lower strata may be as old as Oligoi.'eiic. Of the older series 
Hill (18i)9a) sa.vs: '"The rwks of the central mountain region are Cre- 
taceous and possibly of early Koi'ene age; at least no evidence tending tu 
establish other dates has been as yet discovered." Kince these limestones 
of Upper Oligocene age lie upon a peneplaned surface, they indicate that 
the Eoc'cnc exists either in the great unconformity or is fo lie found in til.' 
older series. The presence of Veiiei-vunlia aiid the liirge number of 
Tertiary fnramiiiifera diatoms and radiolaria seems In snjrgest that the 
latter is the ease. 

If the age of these furmnlinns is correctly defermincd, then a grpiit 
break lies but«-eeii the I-:(nrnc and the 01i<r..i'ene in Porto 1,'ico. The 
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character of the Eocene-Oligocenc contact in North America is poorly 
understood. A summary (Cooke, 1916) of the views taken regarding the 
contact in the area where it is best known shows that the various au- 
thorities differ by as much as a whole geological period. Could this 
divergency of view be explained by the existence of an unrecognized 
unconformity ? 

The Santa Isabel formation is undoubtedly recent in age. Fossils 
collected from railway cuts and from terraces south of Coamo Springs 
were compared with specimens washed up on the south shore of the island 
and for every fossil species an identical one could bo found among the 
types still living. The stratified character of the fossil horizons, the 
presence of corals and sponges, and the total absence of human artifacts 
led to the conclusion that the fossils found were deposited by natural 
agencies and that their presence indicates an elevation of very Recent 
origin. 

IGNKOrs KOCKS 

The igneous rocks appear to be divisil)le into thret* age groups. In tlie 
first group they occur mostly as dikes, flows, sills and volcanic fragments 
of which augite andesitcs were found in greatest number. This is shown 
by their dominance in the early tuffs, by their i)resence as Hows in the 
older series, where they occur as intrusions, and hv their coniparativo 
rarity in the vicbiity of tlio granite batholith. Types sncli as basic au^itc 
andesites, olivine-free basalts and olivine basalts, in so far as lliesc rocks 
occur, are to be found under similar conditions. Feldspathic andesites 
are to be found in the older tulTs, but in view of tlie great number ])ear- 
ing a peripheral relation to tlie granite batholitli, it is more reasonal)le to 
postulate a later period at which a great numy of the intrusive feldspatliic 
andesites developed. 

The second group is younger. The granite batholitli cuts Coinanch-} 
and Cretaceous sediments and probably, though it eannot be ])roved, cut? 
Eocene sediments. The point which is important is that the igneous 
rocks classed in the first grouj) occur as component parts in sediments 
which are cut by this granite ])atholith. The top of this batholitli i:; 
truncated by the i)eneplaiie developed in Porto Kico and tlie invasion 
of the batholith is, therefore, antecedent to tlie j)ene])lane. 

The direct evidence that a third stage exists are the dioritic and 
hornblende andesite dikes which cut the batholith at various plates, 
notably north of Virella. Throughout the Coaino-Guayama district biotite 
granodiorites, hornblende diorites, and liorii])lende-augite diorites occur. 

These are so different in character from the rocks known to belon«2 \o 
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the first stage and so like those which cut the batholith that the infereiu e 
is that they are genetically related to the granite batholith and later in 
age. The feldspathic andesites are best developed close to the batholitli^ 
and seem to be, therefore, apophyses of it. Not all the augite andesite* 
can be proved to belong to the first stage. Some of them may have been 
given off in the third stage. 



SUMMARY OF AGE RELATIONS 



The following tabulation summarizes the age relationship of the 
various rocks : 



The Older Scries. 



Rio de la Plata series \ n u 

Barranquitas-Cayey series S ^^^*°^^«- 



Sierra de Cayey series 
Guayama series 
Early intrusives 
Rio Jueyes series 
Coamo Springs series 
Rio Descalabrados series 
Batholithic rocks 
Later intrusives 



Cretaceous to 
Eocene. 



-«,,,. o • ( Arocibo formation 

The lounger Series. ^ s^^„^^ j^^^^^^j formation 



Oligocene to 
Recent. 



HISTORICAL SUMMARY 

Under the heading of ^'genesis'' and elsewhere, the geological history 
of the Coamo-Guayaraa district has been described in detail. Here onlv 
a summary of the more salient events will be given. 



Early Period to End of Comanchic Time 

The very existence of Porto Rico is dependent upon a volcanic past. 
This mucli can be said from the character of tlie sediments which are of 
pyrogenic materials, slightly reworked or not reworked at all. That tlie 
island has been built up from the ocean bed by the accumulation solely 
of volcanic debris is to be doubted. The more probable view is that the 
vulcanism wliich produced the sediments was only a superficial expression 
of tlie major organic forces which elevated the whole West Indian region 
in early Comanchic ( ?) time. The embryo Porto Rico may even have 
btood above sea-level when the first volcanic activity began. Tlie practi-^ 
cal absence of glassy types in oldest known pyroclastic rocks, or, for that 
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matter^ in any of the rocks, seem to indicate relatively slow cooling, which 
would not take place in the cold water of the profound ocean depths. 

The earliest record in the Coaino-Guayama district shows intense 
vulcanism. The materials ejected or poured out had little or no rework- 
ing. Quiescent periods occurred during which the sea advanced over 
former sites of deposition, as is shown by the several beds of limestone 
which are free of tuff fragments. During the latter portion of this era 
vulcanism apparently decreased, for the uppermost rocks are reworked 
tuffs and ashes. 

Cretaceous and Eocene 

The deposits accumulated in previous times of intense volcanic activity 
were reworked and redeposited during this period. The Sierra de Cayey 
j)criod was one of sudden and ])ronounced uplift. The uplift, which was 
either that of a broad arch or a fault block, revived all of the streams, 
and the result was the creation of great alluvial fans which sloped down 
from the mountain toward the south. This uplift was probably not very 
great. A small change of elevation will cause decided erosion. At the 
time under consideration the elevation was probably not much greater 
than at the present time. The essential factor in rejuvenated erosion is 
that at times the stream becomes torrential and carries down a mixed 
load of boulders and silts, followed by a period when tlie stream is in- 
capable of removing the boulders, ])ut can separate out from among them 
the finer material. Thus in the present flood-plain deposits and in the 
course of the Salinas Eiver large boulders occur in great profusion, many 
of which are as large as any occurring in the older measures. The same 
conditions are exhibited on the Coanio Kiver and several streams on the 
south coast. 

The alluvial fan condition, initiated by the Sierra de Cayey period, 
continued through the Eocene. After the first impulse of rejuvenation 
had worn itself out, the streams eroded and transported finer materials 
on a reduced grade. Periodic outbursts of vulcanism developed tuffaceous 
measures. Slight oscillations of the Porto Rico block permitted the sea 
to advance inland for periods long enough to develop thin limestone beds. 
As a whole, however, the data testify to a very little diastrophic move- 
ment. Most of the limestones were formed in embayments between great 
alluvial fans and developed synchronously with shales brought down by 
rivers or tuff intermittentlv thro^vn out bv volcanoes. As the island was 
gradually worn lower and lower, the batholith underlying the Coamo- 
Guayama district, except in the southeastern comer where it outcrops, 
was gradually working its way upward. T^ong before the end of the 
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Eocene the upper portion of the batholith had come so close to the sur- 
face that it froze and was partly eroded. At the close of the Eocene the 
general baseleveling, which had been in progress since the end of the 
Comanche, eventually reached its highest degree of perfection in a pene- 
plane and the land surface became so low that the sea was enabled to 
advance over it. 

Oligocene 

* 

At the time of the marine transgression vulcanism must have been 
absent; otherwise the basal portion of the coastal deposits would contain 
much volcanic debris and the limestone would contain many tuifaceous 
inclusions. Neither of these conditions are conspicuous enough to have 
been observed ; on the contrary, the base of the coastal plain deposit is a 
carbonaceous shale. This carbonaceous basal shale indicates that the sea 
advanced rapidly over an area pretty well worn down. If the sea had 
transgressed slowly a perfect sorting of materials would liave ensued from 
marine-planed old rock and this would have given conglomerates, sand- 
stones and shales. But if there existed a peneplane, covered with a deep 
residual soil and supporting a heavy growth of tropical vegetation and 
the sea advanced rapidly, then only a carbonaceous shale, followed by 
limestone deposits, would have been formed. The result of the over- 
lap])! n<r sea was the deposition of a heavy limestone formation. 

^IlOCENK TO PlKISTOCEXK 

The first event after the deposition of the limestones was uplift. Berkev 
(1915, p. 40) writes as follows: 

The i)hysi()j?niphic habit of the island as a whole tends to support the view 
that the fundamental structural form is that of a large fault block, with the 
principal fault displacement and uplift along or near the southerly margin. 
tilting the whole mass gently northward. If this disturbance took place, as 
seems to be indicated by the fault descril)ed, in very late Tertiary time, accom- 
panying the emergence from the sea. it would account for the abnormalities 
of Tertiary rock distribution as well as the unsymmetrical position of the 
main drainage divide. In any case, however, the fault block structure is a 
very late development and is superimposed on the other more complex and 
older structures of the mass. 

Tlie next event was the removal of the Arecibo and dissection of the 
underlying older series. So completely has this been performed in the 
Coamo-Ouayama district that only one outlying hill remains of the 
Coastal Plain limestone deposits. Dissection has continued to the present 
time and brought the district to a state of maturity and has been accom- 
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panied by stream adjustments^ but without equal success^ for the streams 
are about as imperfectly adjusted as possible. 

Pleistocene (?) and Recent 

Judging purely by analogy, Porto Rico suffered first a major uplift in 
the Pleistocene (?). This first movement, intended to satisfy internal 
earth stresses, probably not only compensated these stresses, but over- 
reached its mark and produced others of an opposite nature. To relieve 
these latter stresses, oscillatory movements of the island are now taking 
place. The frequent earthquakes throughout the West Indies are part of 
this phenomenon. One effect has been to cause a recent elevation of the 
island. But before this recent uplift took place the island remained sta- 
tionary for a considerable period, during which the Caribbean carved a 
platform far into the island. Thus west of the Coamo-Guayama district 
a terrace is cut into the Arecibo Oligocene limestones. However, the total 
cutting in the whole island was so little that nine-tenths of it still re- 
mains mountainous. When the sea had finally finished its carving the 
shore stood much farther inland tlian at present and the site of the 
Guavama was beneath the sea and those of Salinas and Santa Isabel were 
between 50 and 60 fathoms deep. The surface of the Caribbean was 
nearly awash with the tops of the Aguirre Hills, Salinas Hill and Monte 
Sebater. Great bays were formed in tlie vallev of the rivers, one of 
which extended up Guamani to about K. 24, another reached La Lapa in 
the vicinity of Salinas, a third reached as far north along the Rio de 
Coamo as the Baiios de Coamo, and the great subsequent lowland behind 
tlie Coamo Springs limestone range was a salt marsh. Those liills which 
stood as islands during the sea's farthest advance, or as reefs 25 feet or 
more above the sea bottom, became surrounded on all sides by the coastal 
plain and some sediments now all eroded away may have been deposited 
upon them. The isolated hill southwest of Coamo Reservoir, the low hills 
southwest of Salinas Hill, Salinas Hill itself, Monte Sabater and Aguirre 
Hills and the hills near Melonia Reservoir are now islands in the coastal 
plain technically called mendips or morros. The high hills east of 
Guayama were at one time mendips, but erosion of the coastal plain to 
the north has converted them into peninsulas extending into a coastal 
plain. 

After the sea had advanced as far inland as described above, uplift 
occurred in two successive stages. The result was the formation of two 
terraces. The second uplift followed closely upon the first, because the 
sea-cliff cut is small and the size of tlie lower terrace is much the larger. 
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VULCANISM 

X'olcanic centers are typical features of the Coamo-Guayama region 
and of many other parts of Porto Rico. In this district volcanic vents 
were observed in the following places: South of the Coamo Reservoir, 
about a mile south of the Rio Descalabrado Water Gap, between K. 98 
and K. 99, and between K. 87 and K. 88 on the Military Road, several 
on the Rio de Cuyon east of the bridge on the Military Road crossing it 
at K. 93 and a very large and complex one east of La Lapa. The one, 
south of Coamo Dam on the Military Road, can be seen in cross-section. 
There the strata are cut by numerous intrusions, mostly of a dioritic 
character; the sedimentary beds have been shoved, crowded, broken and 
thrown out of their former attitudes and the intrusive dikes contain large 
irregular fragments of the sediment, which are hydro thermally altered. 
Tuff accumulations occur irregularly between the sediments and the dikes. 
On the Descalabrado, where a volcanic vent is to be seen in plan, the same, 
features are shown and in addition the rocks are highly fractured and 
cemented by epidote and calcite. The center east of La Lapa shows an 
old vent, now filled with coarse volcanic breccia, with much tuff and intro- 
duced epidote and calcite. Surrounding this vent, within an area of 
about two miles square, are hundreds of augite andesite intrusives and 
flows and less numerous dikes and flows of feldspathic andesite and a few 
hornblende diorites. These numerous intrusives, cutting shales, which 
are intensely altered hydrothermally, form a complex the structure of 
which is impossibU' to decipher. In the bed of the Cuyon a limestone 
formation is broken through by a vent, which is filled with limestone 
fragments, andesite tuff and augite andesite lava. With the one excep- 
tion, between K. 87 and K. 88, all vents cut Eocenic sediments. Older 
ones undoubtedly existed, but their presence has now been effectively 
concealed and the only conclusion to be drawn from the location is that 
vulcanism continued into post-Eocenic time. Of course all the super- 
ficial physiographic features produced by vulcanism were wiped away by 
the post-Eocenic peneplanation. 

HYDROTHERMAL EFFECTS 

Mention has been made of the hitrjily rracturcvl character of all the 
Porto Rican rocks. These fractures are usually cemented by introduced 
minerals. Some rocks, in addition, show metasomatic replacement and 
a few others are almost entirely replaced. Whether the minerals are 
simply introduced or in part replaced, all are considered hydrothennal. 
There is direct evidence in some of the addition of water; in others only 
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certain constituents have bepn dissolved away, a]>parentlj by water, and 
in many the state of the minerals indicates only the presence of some 
agent, such as water, which facilitated chemical reorganization without 
the introduction or subtraction of any component. 

The following types of liydrothermal alteration will be considered : 

(1) Those in which one or more of calcitc, quartz, chlorite and 

cpidote were developed, 

(2) Those in which zeolites, calcitc and chlorite were formed. 

(3) Those in which epidotc, quartz, chlorite and acttnolite, one 

or more, were introduced. 

(4) Those in which hematite and (juartz were introduced. 




FiO. 43.— CMortle <ftr el.ij,ii.y fnim lcl-l«iiari ^rhith «ie u-^-xiale'l irith fie'li aueltti 



(1) Weathered surfaces of I'orto Iticaii rocks show partial or complete 
alteration of the femag minerals, especially of the pyroxenes. This is in 
striking contrast witli the clear, frosli, unaltered condition of the same 
minerals within the Iiudy "f the rwk where weathering influences have 
not reached. Feldspars, on the other liand, even in the most durable, 
firm and unweathered rocks, arc generally altered. Feldspars are com- 
monly entirely replaced in parts of the rocks far beyond any influence of 
weathering. Thus in a prospect on the slopes of the Lnquillo Mountain 
where a shaft had been sunk .">() feet below the weatheriHl zone, the feld- 
spars were all altered. The fehlspars arc universally dull and lustcrle&i 
and even if exposed on weathered .aurfau's they are never much more 
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alteretl tliau iu the interior of imweathered rocks. The above facts lead 
to the couclusion that the alteration of the feldspars is related to some 
internal agency. 

Many of the feldspars show little patches within them of calcitic alter- 
ations; others are replaced by paeudoniorphs of calcite. The feldspathic 
groundniasses alter easily, freqneiitly and completely to calcite. The 
feldspars are all calcic and only the addition of 00, ia required to alter 
them. Almost every rock shows carbonate and eome are altered so com- 
pletely that, in the case of sills or flows, they arc easily mistaken for lime- 
etenee. This altt^ration is not confined to ipieouH Toek», but is found in 




sediments which dsutain calciuni-Uaring minerals. It is not an exasper- 
ation to say that 20 per cent of all the rocks in the Coamo-Guayama dis- 
trict are altered to carbonate. For such an intensive alteration CO,- 
bearing water solutions must iiave In^en coming up from the depths in 
great volumes and for lung iJcriwls! of time. The calcite so formed does 
not always remain in place, but migrates to other rocks or is dissolved 
out of the rwks entirely. Thus the deposits of tepatate, frequently ob- 
served in the stream Iieds, result from the preci])itation of the dissolved 
calcite and ajipavently the streams are carrying concentrated solutions of 
concentniti'il calcium carbonate to the sea. 

Ilartlly less cDnimon than the calcite is chlorite. The first place that 
chlorite develops is along cleavages or twinning planes in the feldspars. 
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Where well developed it is always in aseociatioQ with the feldspars and 
shows direct evidence of being genetically related to the feldspars. Iq 
the rocks where chlorite is beet developed the ferromagnesiuin mineral 
angite will be clear, fresh and unaltered (Fig. 43). In the case of chlorite 
we must grant the introduction of magncBium. Probably water solntiona 
of magnesimu carbonate reacted with the feldspars to form CaCOs and 
the hydrous magnesium aluminium silicates. The calcite and chlorite 
are, as a rule, intimately associated as if this were the case. Secondary 
quartz would be released by such a reaction, and fine-grained secondary 
quartz is, therefore, very common in these rocks. Epidote at times re- 
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places the feldspars and occurs alone or in association with the above 
minerals. It can be formed from tlie calcite feldspars directly by hydra- 
tion (Fig. 44). (See figure 45.) 

The phenomena discussed in the above paragraph are principally those 
of reorganization plus alight additions of magnesium, CO, and 11,0. Hot 
water, however, was the stimulant which occasioned the reorganization. 

(2) Closely related to the above alterations are the zeolites. Strange 
to say, the zeolites were not found filling amydaloidal cavities nor are the 
zeolites common and they always occur intimately associated with chlorite. 
Around the periphery of these zeolitc-chlorite areas is, commonly, a 
border of calcite. The shape and the association with more or less altered 
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feldspars is sudi as to prove & direct development from the calcic feld- 
spars. BeorganizatioD, stimulated by thermal waters, bcariiig in addition 
to magnesium carbonates, also potassixmi carbonates, wonld produce 
chlorite, zeolites, and calcite from calcic feldspars. It appears that of 
the secondary minerals formed calcite vas the most mobile, for it trav- 
eled to the periphery of the groups of secondary minerals so formed or 
eren farther (Fig. 45). 

(3) The greater portion of the hydrothermal rocks contain the quartz, 
epidote, chlorite, actinolite and zeoiitcfl, one or more, in either vesicular 
cavities or fractures and the boundaries of these cavities show little or no 




riQ. 46. — liiHmaU miat%rt of quartz, eptdote, and MUnoWe 

replacement (Fig. 46). In a few eases the replacement lias proceeded t') 
such an extent that the whole body of the rock is a mass of epidote. 
Though epidote was not the first mineral to come in, it was in many rocks 
the only one and quantitatively it plays the major role. In the types of 
rock described above epidote can be definitely proved to have developed 
originally from the feldspars by reorgnnization (Figs. 44 and 47). Some 
of the epidote so developed may have migrated and filled the veinlets and 
vesicles in the rocks of this type. If so, the epidote in some of its occur- 
rences came in from distant, deep-seated sources, for it occurs in veins or 
in vesicles in rocks which are strictly fresli and unaltered in all other par- 
ticulars. Moreover, its intimate association with actinolite of undoubted 
introduction argues very strongly for a deep-seated source (Fig. 46). It 
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ia difiScnlt to explain the complete replHceniciit unlees introduction was 
under intense hydrothermal conditions. 

All the minerals did not necessarily come in a definitt; snccessioit. In 
some rocks (Fig. 46) quartz, epidote aiid aotinolite seem to have come in 
almost eimultaneoosly. Where the succession is best shown the order is 
qaartz, epidote, chlorite, actinolite and zeolites. In a few rocks epidote 
occurs on the walls of veins which have a quartz filling, showing epidote 
to have been introduced first, but the balance of the evidence indicates 
that quartz began to develop first and continued to come in with the later 
minerals. 




FIO. 47.— tfnoi-f; 



Actinolite occurs as isolated needles, as needlfs ]»fuetrating quartz, and 
as radiating growths and the oceurrunee of actimdite in such relationships 
is generally regarded as sure proof n[ igiionus emanations. The actinolite 
is not stable, but readily hydrates and converts to chlorite. It is motaso- 
matic only in so far as it penetrat*'? (|unrtz — a phenomenon very ciimmon 
in rocks altered by igneous emanations. 

An interesting feature, rather conininn. is tlu' association of zonlites 
with the actinolite frequently in intimate iutergrowtli. If the actinolite 
is an igneous emanation, then the zeolites must also have been introduced 
by thermal waters at high temperature. .\n(ither feature is the extreme 
development of secondary quartz. Sliale.s are converted entirely to cherts 
by the quartz. The association of the qiiartu with the other minerals of 
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this group pTores it to In hydrothennally introduced and not the result 
of leoiganuation of radiolarian and diatom shellfl, as is the caae in some 
of the sediments. The Bedimente show the calcareous ahells of foraminii- 
era replaced by secondary quarti. In other rocks calcite of hydrothermal 
origin plainly replaces the quartsL Eridently inert calcite can be replaced 
by hydrothermal quarts, but when -both calcite and quartz are hydrother- 
mal the quartz has a greater solution pressure and is readily replaced by 
calcite. In the audesite secondary quartz will develop in aureoles and 
then by reorganization take on the trapezohedial form. When first ob- 
served the writer considered such rocks to be quartz andesitee. Further 
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FiQ. 48.— SpMamHtlC arotcthi of ipemlar kouMMf* and ckateadimii 

study showe that the quartz is ell secondary. It is possible that many of 
the quartz andesitea described in the literature were of this origin. 

(4) The fourth type deals witii some effects which are iatereating be- 
cause they show a hydrothermal introduction of hematite and because 
of the possibilities involved if the process were carried to completion. 
Shales are silicified by spherulitic growths of chalcedony. The growth 
of these chalcedonic fibers was spherical and nearly equal in all directions 
and the growth was frequently interrupted, probably due to the intermit- 
tant supply of feeding solutions. Synchronously with the growth of the 
chalcedony spherulites, specular hematite was introduced. It was de- 
posited interstitially, chiefly between the spherules, and when the sphem- 



HODGE, GEOLOGY OF THE OOAMO-GUAYAMA DIBTRIOT 209 

lites were not growing formed a hematitic shell about them. After a 
period of continued growth of the spherules^ another shell of hematite 
developed^ and repetition of this process formed bodies of spherically 
radiating fibers of chalcedony containing within them and around them 
concentric shells of specular hematite. After the cessation of chalcedonic 
growth hematite continued to be introduced and in some cases has meta- 
somatically replaced the fibers of spherules. Where this has taken place 
bodies formed of a succession of concentric shells of hematite separated 
by radiating fibers of hematite are cemented together by hematite — that 
is to say^ a iypical oolitic structure is formed. The oolitic structure is 
emphasized in thin sections by the hydration of parts of the shells to 
limonite (Fig. 48). The petrogenesis of this rock was not worked out 
imtil too late to collect critical samples. It is thought, however, that the 
continuation of this process to completion in a large shale bed should 
produce a rock that could not be distinguished from oolitic iron ores. Or, 
to go even further, why could not some of our oolitic iron ores have been 
produced by hydrothermal action ? 

The phenomena described in the above two paragraphs are developed 
best in the vicinity of old volcanic centers. The two best occurrences were 
found about a volcanic center near the Quintana thermal spring, north 
of Ponce, and about the La Lapa volcanic center. 

MINERALIZATION 

Mineralization is a feature considered to be genetically related to the 
hydrothermal effects and is just as common. Nearly all the rock of the 
Coamo-Quayama district contains introduced sulphides, mostly pyrite, 
though chalcopyritic pyrite is frequently present, as shown by the copiwr 
carbonate stains on the rocks. 

THE COAMO THERMAL SPRINGS 

Location and Purpose of Study 

The Bancs de Coamo is a thermal spring located just north of the 
Coamo Water Gap and issues through a bed of conglomerate and tuff, 
which rises as a boss of rock through alluvium (Fig. 49). The point 
at which the spring opens is about 50 feet above the beds of the nearby 
Coamo River. Practically no deposits are being formed by its waters. 
The thermal and mineral properties of the water have for many hun- 
dreds of years been regarded as possessing medicinal properties and it is 
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from this fact that it has received the name Bafios de Coamo. The origin 
of its waters iB the subject of discussion in this section. 

OCCDRRE>fCE OF SpRlKGS AND WeLLS 

Beconnaissance atudies over the greater part of the island by the writer 
and obsenations made by several geologists over all of Porto Rico indi- 
cate that, with this one exception, no springs of any kind are to bu 
found in the older series of rocks. There are many seepages at the 
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bottoms of tli(! debris- 111 led gullies in tJie interior mountains after heavy 
rains. Those cannot be considered springs and do not affect our dis- 
cussion. Not only arc springs absent from fhc older series, but wells 
sunk into them liavc never been successful. In the younger series, how- 
ever, springs do occur at times, and wells are occasionally located. The 
cause of this relationship i.s simple. The rainfall upon the interior 
mountains, formed of the older rocks, does not sink into tliem, but fol- 
lows superficial courses down their flanks until the waters meet the cueeta 
edge of the coastal plain deposits, under which a small part of the water 
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seeps. The waters working between the coastal plain deposits and tlie 
bed-rock of the older series give rise to springs or wells. Thus the best 
wells in the Arecibo formation have been found near thin coastal margins 
and the best wells in the Santa Isabel alluvium are found adjacent to 
streams. Does it not appear significant that in the older series there is 
only one spring and that a thermal spring? 

Location Near a Fault 

The direct location of the spring is probably due to a fault which 
strikes north very close to the Coamo River. Berkey (1915, p. 39) de- 
scribes another fault which may continue into this district, and if it does 
extend eastward in the same direction it would lie very close to the 
Coamo Springs : 

The most prominent fault, in its effect upon present features, is the one 
now marking the inner margin of the "younger series" of clialljy limestones 
and shales constituting the coastal belt along the south side of the island from 
Jnana Diaz past Ponce at a short dlsUince to the north, crossing the Ponce- 
Areclbo Road at K. 4.8 and thence westward crossing the I*once-Penuelas Road 
at K. 10. . . . It must be of very late Tertiary age, because the chalky 
Ponce beds are abruptly cut off by it. The older rocks of the pre-Tertiary are 
lifted with respect to the "younger series" forming the present coastjil margin 
wherever this fault has been seen. . . . What becomes of it at either end is 
not yet determined, but it is believed to extend much farther in both directions. 

Source of Water 

The Coamo Springs lujiy obtain their waters from one or more of six 
sources, as follows : 

(1) Meteoric, 

(2) Connate, 

(3) Entrapped, 

(4) Strayed magjnatic, 

(5) Secondary magma tic, 

(6) Primary magmatic. 

(1) Meteoric waters arc tlie waters of rainfall which have descended 
to suflBcient depths to become heated and have then ascended again to the 
surface. 

(2) Connate waters are sea waters which became entangled with ma- 
rine sediments at the time of deposition and remained locked up in these 
sediments after the coastal plains had been uplifted and more or less 
consolidated. The best known example of this is found in the copper 
mines of Michigan (Lane, 1908). 
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(3) Entrapped waters are waters of an}* type which were formerly 
foUowing some midergromid channel and as a result of faulting, in- 
trusion of a dike, or the occurrence of some similar event were cut off 
from an avenue of escape and prevented from readiing the surface. 
Waters at Butte may belong to this category (Lindgren, 1913). 

(4) Strayed magmatic waters are those given off from a nuigma for 
the first time and which follow channels not leading to the surface, and 
so have remained stored tmderground until tapped by a fault, a valley, 
or by mining. Such waters, depending upon the length of their sojourn, 
may develop a composition reflecting the country rock through which 
they have passed. Some of the waters of the Comstock Lode may be of 
this type. 

(5) Secondary magmatic waters are waters of any type which, as a 
result of assimilation of rocks containing them by an invading magma 
or as a result of diffusion into the magma from the country rock, have 
become incorporated into the magma and have been subsequently given 
off from the magma. 

(6) Finally waters, which were part of the earth^s interior magmatic 
reservoir, may be given off and reach the surface for the first time. Such 
waters are primarily juvenile. 

WTiere there are so many sources or combinations of sources from which 
a spring could obtain its waters, it is difficult to decide whieli is the more 
probable source. 

Possibility of a Meteoric Source 
seasonal rains and variability 

The meteoric origin will first be considered. If tlie waters are meteoric 
or derived from the rainfall, they should show some relationship to the 
seasonal rains of Porto Kico. That the rains are seasonal is shown by 
the following record of a typical station, the Toro Negro station near 
J nana Diaz.** 

Inches 

101 1 . SoptomlKM- 8.60 

October 21 .03 

XoveinlK»r . 25 

T>ecemlH»r 18. 14 



5.^.02 



* From the records of tlie Torto Ricnn Irrigation Herrico. 
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1912. January 2.82 

February 2.07 

March 3.38 

April 7.50 

May 1.89 

June 1.51 

July 9.46 

August 8.81 

37.44 

1912. September 14.71 

October 25.67 

November 15.06 

December 2.59 

57.83 

1913. January 2..'>4 

February 2.01 

March 5.06 

April 0.97 

May 8.44 

June 4.0a 

July 2.18 

August 3.04 



38.1 



1913. September i:i..H.") 

October 11 .HO 

November 5 . 80 

December 2 . 50 



33.54 



This is a typical station as regards variability of rainfall, and it shows 
that during the four months nearly twice as much water falls as during 
the eight arid months. Yet despite this great difference in precipitation 
the Coamo thermal spring shows no noticeable change in volume year 
after year. Legend tells us that at the time of Columbus it gave forth 
more water than at the present time, but within the last two generations 
the flow has been just the same as it is today. 

The southern coast of Porto Rico is arid and it is within this belt that 
the Coamo-Guayama district lies. In 1897-98 for a period of 13 months 
not a drop of rain fell in Guayama (Wilson, 1899), but the thermal 
spring, a few miles distant, did not show the slightest variability in \i< 
discharge. 
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FLOODS AND UNDEBOROUND CIBCCLATION 

After one of Porto Bico's torrential rains the streams rise rapidly to 
floods sufficient to carry boulders, but within a few hours after the 
cessation of rainfall the streams quickly fall and within twenty-four hours 
the beds are dry. This phenomenon is particularly noticeable on the 
south side, where rains are infrequent. On the north side daily rains 
occur and the larger streams receive new contributions of water before the 
previoua day's rain has been entirely carried away. NeverthelesSy upon 
the tributary streams, which are more sensitive to daily deluges, the 
intermittent character of the stream is striking. It would appear that if 
there was an underground circulation some of the rainfall would be 
delayed underground to feed the streams a day or two after heavy rain. 
Mr. F. H. Newell, the hydrographer of the Porto Bican Irrigation Service, 
stated to m« that 'Hhe discharge figures show a peculiar condition to 
exist. They show that ahnost as much water runs off of the various 
drainage basins as enters them by rainfall/' This does not seem to be an 
anomaly. It only proves that practically none of the rainfall enters an 
underground circulation. That rainfall cannot enter a subsurface circu- 
lation is not to be wondered at, in view of the character of the soil, which 
is an extremely unctuous, tenacious, sticky, red, heavy clay. In the in- 
terior of tlie island, where the rainfall is heaviest, this impervious clay 
is as miKli as 50 feet thick in places. It adheres to almost vertical 
slopes despite rains of intense character. Any channels of circulation 
open at the surface would quickly become sealed by this clay. 

The arguments presented above will appear to most readers as quite 
unnecessarv, in view of the fact that meteoric waters to become heated 
would have to descend bevond a thousand feet or more. The accumulated 
evidence is now overwhelming in proving that deep rocks are dry rocks 
(Lindgren, 1913 : Kemp, 1903). 

TEMPERATURE 

The temperature of Coamo Springs is 44° C. Cold meteoric waters 
would have to descend to over 3000 feet to reach a ground temperature 
as high as 44° C, unless, perhaps, they came within the influence of 
volcanic rocks of very recent origin. 

LOCATION' XEAR A VOLCAXIC CENTER 

Just south of the Coamo Springs Reservoir dam an old volcanic center 
is shown in cross-section and in tlie vicinity of Coamo Springs former 
post-Eocenic volcanic centers are ver}- common. There is one between 
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the springs and Coamo^ another on the Rio des Descalabrados, and to 
the eastward, in the Jueyes drainage system, are several more volcanic 
complexes. This spring is tlius intimately related to volcanic centers. 
The close proximity of this spring to young volcanic centers must have a 
o^enetic significance. How recently these volcanoes were active is not 
known. Xo evidence of the volcanoes cutting the Arecibo rocks has been 
found. The volcanoes are at least post^Eoeene and may perhaps be post- 
Oligocene. 

CONSTANCY OF COMPOSITION 

The following table gives the results of four chemical analyses.^ Num- 
ber 4 is the analysis made for this study. I am inclined to regard analysis 
number 3 to be devoid of accuracy and there is much doubt about the 
other two. Neglecting number 3 and considering only CaCOj, MgSO^ 
and SiOj, there seems to be a rather constant value for them all — that 
is to say, the figures arc of tlio same magnitude. In a limited way 
analyses numbers 1, 2 and 4 argue for a constant composition over a 

period of many years. 

I 
IICI 00.84 

n>S04 44.08 

H,CO, 27.88 

NH.Gl 

Xa,COa 

NajNO, 

XaXO 

Na.SlO, 

XajSO, 

NaCl 

KCl 

LiCl 

CaCO, 00.20 

CaS04 00.41 

MgCO, 20.07 

MgSO, 00.84 

FeCO, 

Fe,HCO, 

FeS04 04.50 

SiOa 01.09 



IT 


TIT 


TV 


00.852 






30.710 






;)3 . 433 


0.76 


11.31 




2.07 


• • • • • 

00.38 
06.93 




4.79 






30.98 






13.00 


07.72 




0.02 


02.43 
00.34 


00.390 




00.01 


00.413 


47.12 


63.90 


21.460 






00.84G 




00.63 
02.38 




0.66 


00.26 


04.801 






01.095 




03.71 



100.00 100.00 100.00 100.00 



» I. J. J. HeUer. 1847. 

II. Sefior Gunencz. 1809. t" 45.3 ; average temperature of air near springs. 27.3 ; and 
. constant sulphurous odor; sp. gr., 1.233. 
III. 1.6855 grains per mile made at the agricultural station of Mayaguez. 
IV. Louis Hernandez, 191(5. t** 44° 1.59970 grains per mllle. 
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Kiver waters are solutions of calcium and sodium carbonates and silica. 
It is an axiomatic fact that river waters reflect the composition of the 
rock over which they flow, and one should expect spring water which has 
traveled through such rocks to have a similar composition. These analy- 
ses show that this is not the case. 

The location of Coamo Springs, their constant flow, the temperature, 
composition, constancy of their composition and the physical character of 
the rocks of the older series all argue against the direct meteoric origin 
for their waters. 

Possibility of Connate, Entrapped and Strayed Magmatic Waters 

The presence of a new loci of heat, such as an intrusive magma or a 
volcanic center (and it is to be remembered that a batholith underlies 
this district), would stimulate entrapped or connate waters and rejuve- 
nate strayed magmatic waters and cause them to rise to the surface and 
there form springs. Apparently the only way these waters could be dis- 
tinguished one from another would be by their composition. Lindgren 
(1913), speaking of connate waters, says that "the presence of bromide 
is almost characteristic; traces of iodine and boron are often found." 
These critical elements are lacking in the Coamo Springs waters. 

There are some features concerning the composition of the Coamo 
Springs waters which show their dissimilarity to entrapped meteoric or 
connate waters. As they issue at the surface they are mostly solutions of 
calcium sulphate. Their present composition is undoubtedly due to re- 
action of sulphuric acid with the very calcareous rocks through which the 
waters pass. Acid waters of meteoric origin are always low in sodium, 
potassium and lithium, three elements which occur in notable quantities 
in these waters, and, on the other hand, these alkalies are very common 
in waters of volcanic origin (Clark, 1916). The ammonia radicle, which 
is also peculiar to volcanic waters, is strikingly high in the Coamo Springs 
waters. If the assumption is made that the sulphuric acid has resulted 
from the oxidation of hydrogen sulphide, then the composition of the 
Coamo Springs water at depth is an alkaline solution of sodium, potas- 
sium, and lithium chlorides, ammonia hydroxide and hydrogen sulphide 
gas. Such a composition is, indeed, unlike any entrapped meteoric or 
connate water ! The composition indicates that the Coamo Springs waters 
are neither connate nor entrapped meteoric waters, but it does not dis- 
prove them to be entrapped magmatic waters. Moreover, strayed mag- 
matic would have a composition identical with entrapped magmatic 
waters, or, for that matter, secondary magmatic waters. Strayed ma<j- 
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matic waters or entrapped magmatie waters could be rejuvenated so that 
they ascended to the surface and there formed springs. The waters of 
Coamo Springs may have such an origin. 

Possibilities of Secondary and Primary Magmatic AVatkks 

Two other possibilities of origin that remain to be considered are 
secondary and primary magmatic waters. Waters contained in rocks 
invaded by a magma are considered by some writers to be able to enter 
a magma either by assimilation of the country rock or by diffusion from 
the country rock into the magma. After the waters had entered the 
magma their composition would have become changed, so that they could 
not be distinguished from primary magmatic waters. The problem, then, 
resolves itself into a consideration of the possibilities of diffusion and 
of assimilation. 

assimilation 

Even the most entluisiastic exponents of magmatic assimilation admit 
that the process of assimilation does not take place in the zone of flowage, 
and we need only consider in this zone absorption by diffusion. 

DIFFUSION 

In order to diffuse, water must be present in the rock adjacent to the 
magma and it must be available. Rocks in the zone of flowage do not 
have more than 0.5 per cent l)y volume of pore space. The pore spaces 
that do exist are closed and completely separated from one another by 
crystalline substance. There is absolutely no evidence, experimental or 
geological, that gases can diffuse through solid crystals. A minute pas- 
sage must always be present. Granting that a little water exists in these 
pores (though the experience of deep mines and bore-holes is quite to the 
contrary), would it in any manner be able to create fractures or dovelo]) 
cleayages through which it could pass to the magma? Of course the 
water in the pores adjacent to the intrusive magma would be absorbed, 
but the quantity would be infinitesimal. Adjacent to the magma the 
temperature is 1000° C. or higher. From the walls of the maprma out- 
ward the conductivity of the rook is so low that within a few feet the 
temperature is lowered to 500 degrees, and from that diminishes rapidly 
outward. There is about the upper surface of the magma a zone 10 feet 
tliick at most w^hich has a temperature sufficient to raise water above its 
critical point of 364.3° C, and throughout this zone all the water stored 
in the pores is in the vapor phase. In this state and brought in contact 



218 SCIEXTIFW SURVEY OF PORTO RICO 

with solutions of minerals composing the magma, water will rapidly 
diffuse and become incorporated into the magma. 

There are two factors which would prevent tliis diffusion taking })hu e : 
one is the cubical expansion of the minerals upon heating, and the other 
is the inmiense outward pressure of the gases contained within the 
magma. The minerals of the rocks next to the intruded magma would 
expand, when heated, in all directions. If the pores were empty they 
would be closed. If the pores contained water vapor, this vapor would 
eitlier be compressed or forced to move along some plane of weakness. 
If the water vapor moved in any direction it would necessarily move out- 
ward and away from the magma, because in that direction the tempera- 
ture would be lower and the cubical expansion less. Any fractures pres- 
ent or separation along cleavage planes would be closed tight and the 
pressure forcing them tight would be greatest near the magma and less 
far away. Thus the magma in the zone of flowage liermetically seals 
itself on the outside by a layer of rock, ten feet or more wide, through 
which gases cannot pass and out of which water vapor, if it must escape, 
will be compelled to travel away from the magma. 

All authorities on igneous rocks, such as A. Harker, A. Lacroix, Joseph 
P. Iddings, R. A. Daly and numerous others, ascribe to magmas enormous 
quantities of gases, such as water, carbon dioxide, boron, fluorine, chlorine, 
and others in lesser amounts. Whether these gases arc able to free 
themselves from the magma in the zone of flowage or not, the tendency 
is there and the outward pressure of these gases is sufficient if released 
to drive outward and away from the magma any water which might 
exist. Tliese gases probably do not escape in the anamorphic zone be- 
cause of the hermetical zone surrounding tlie magma, as discussed in tho 
above paragraph. As magmas approach the upper limits of the ana- 
morphic zone and the outward pressure of the dissolved gases becomes 
greater, due to crystallization, it is probable that these gases may open up 
veins for themselves, but in so doing the velocity of their outward move- 
ment would not permit any water contained in rock pores to diffuse 
toward the magma. 

Assimilation or Diffusion in Katamorphic Zone 

In the katamorphic zone of the earth's crust, where fractures may exist 
and pore spaces are larger, cubical expansion of the minerals, due to the 
heating by the uprising magma, will not be sufficient to form a hermetic 
shell. Any water which by some unexplained manner may get down a 
thousand or two thousand feet, if brought in contact with a magma, 
would diffuse into it. Smaller cavities and fractures close to the magma 
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will be closed, but larger fractures will be filled by injected masses of 
rock. The peripheral portions of these injected igneous rocks will allow 
diffusion into them of water vapor, but the area of the terminal portions 
exposed to diffusion will be small and allow of no contribution directly 
to the magma. If these injected bodies succeed in completely surround- 
ing a block of rock and this block sinks into the magma, because of 
greater relative density, or if a slab of rock is loosened by shattering, any 
water contained will be incorporated. 

The speed of marginal shattering or block dissection will be a slow 
process and will always be preceded by an outward radiation of heat from 
the magma. The heat will convert the water to steam, which will move 
in the direction of least resistance. The effect will be like that of the 
emanations from the magma, for the steam will drive any water contained 
in the rock outward and away from the magma. This steam will not be 
able to move toward the magma, because of cubical expansion close to it, 
because of the outward traveling injected bodies, and because of the ema- 
nations. Before, therefore, a block could be assimilated, all the water 
contained would probably be driven out of it. As the intrusive works its 
way into the fracture zone, the indigenous gases will escape outward. 
They will drive all other gasos before thorn. Thoir outward velocity is 
great and penetration power most complete, which is illustrated by the 
way in which these gases follow out and oju'ii u|) the cleavage planes of 
calcite grains of a limestone in the phenomena of contact metamorphism. 
The waters which the outward moving gases meet with are dissolved, but 
the speed of diffusion in the gaseous solution is undoubtedly slower than 
the speed of the outward moving gases, and all waters in the invaded 
rocks would be carried along the crest of tlio first wave of emanations. 
The upward movement of the magma is slow and this process will act 
continuously imtil all the gases are spent. Apparently, then, only an 
unimportant fraction of water contained in the invaded rocks could dif- 
fuse into a magma and we must conclude that the probabilities are highly 
in favor of the theory that the waters of the Coamo Springs are appearing 
at the surface for the first time in their historv. 

MINERAL RESOURCES 

General Considkrattons 

The possibilities of metal mining in Porto Rico are discouraging for 
several reasons : One is the absence of cheap power. Coal and oil must 
be imported and water-power sites are limited. Another is due to the 
fact that the ore could not be smelted locally; hence only high-grade orp 
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could be 8hipped. This would mean the building of railroads on the 
island and long ocean transportation. The few railroads built on the flat 
coastal plains have cost between $5,000 and $10,000 per mile. As the 
mountainous interior is extremely rugged and broken, railroads, where 
they could be built, would have to rise on steep grades and make very 
sharp turns. In many places railways are practically impossible and 
long, expensive aerial tramways would be the only means of transporta- 
tion. An ore deposit would need to be very rich and large to warrant 
exploitation imder the above-mentioned difficulties. 

The island of Porto Bico has been explored for centuries, but up to 
date not a single paying mine has been developed. No large area con- 
tains a more dense population. Nearly every nook and comer has been 
observed, yet no ore deposit of importance has been discovered. Despite 
popular legend, there is no evidence that the early Spaniards, though 
they sought long and zealously, ever found a deposit which could be 
worked even with slave labor. For centuries the Spaniards and later the 
ever enthusiastic Yankee prospector searched for ores. Nevertheless, the 
few prospects opened have never developed into mines. 

Metallic Minervlls 

In the Coamo-Guayama district near Barrio del Carmen several pros- 
pects have been opened, which I have had opportunity to examine. The 
character of the larger one, situated just south of Carmen, will be de- 
scribed (Fig. 50). 

Several openings have been made in a hill composed almost entirely 
of a conglomerate with a tuffaceous matrix. The workings follow miner- 
alized crush zones and true veins, and are extensive enough to show the 
general geological relations. Conglomerate is cut by an intrusion which 
varies in composition from an augite to a feldspathic andesite. The con- 
glomerate is found in the main drift and the first lateral ; it is also found 
in the various prospect pits on this hill and in the pits north and west of 
Carmen. The intrusive rock appears in the major part of the workings 
and a dike cuts the first 20 feet of the first lateral. Mineralized faults of 
small displacement are common in the andesite and are accompanied by 
a green andesite gouge, which may be a few inches to two feet thick. Tho 
andesite is highly fractured, which may have boon due to cooling or to 
resurgent movements of the subjacent liquid portions after the peripheral 
portions have soliflificfl, or to tectonic movements. Whatever the cause, 
the fracturing took place while the magma was still giving off emana- 
tions, for the numerous small fractures have a calcite filling and into 
some of the larger veins pyrite came and filled the central portions. The 
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gafenm was foimed first, pyrite always followed. Those Teins which leave 
the andedie and penetrate the oonntrj rode always show a preponderance 
of pjrite over gakna. Apparently, then, pyrite was the more mobile of 
the minerals and trareled farthest. 

Since the galena is genetically related to the andesite and is the least 
mobile mineral, it should increase with depth. Considering the di£Bcalt 
transportation problems, the veins of galena exposed in the present pros- 
pect make it nnworicable unless the galena is rich in silver, which as far 
as I know is not the case. Mnch of the present workings have followed 
slips and gonges and not the tnie veins. If , in aU the exploratory wori^ 
the galena-bearing veins had been followed in depth and the slips and 
seams neglected, the presence or absence of galena in paying quantities 
would have been completely demonstrated. 

Coal 

A few coal beds have been reported. One near San Sebastian and an- 
other near Jnana Dias were examined and in each case the '^bed'* proved 
to be merely a thin seam of highly marcasitic low-grade bitominons or 
lignitic coal. In the Coamo-Guayama district one smaU seam was ob- 
asonred south of Cavev near the crest of the Sierra de Cavev Mountains. 

Oil Shales axd PExeoLErM 

An invostigarion wa> maile of the oil shale and petroleum p<>ssibilities 
of Porto Bico. Shal^-s were gathered from many lc*calities in Pono Rico 
which were reported t«» carry oil or were considered by the writer to have 
oil possibilities. The results of many analyses of the shales collected 
were all negative. Detailed study of the structure of the older series was 
impossible in the limited time devoted to study. In most places, how- 
ever, it is apparent that the strata have been folded to too high angles 
and eroded too deeply to preserve intact an oil reservoir which may have 
existed. There are a few localities, however, where the beds show the 
gentle foMs suitable for oil storage, as, for instance, between Cidra and 
Cayev. Periiap? a more careful study would reveal structures worth 
testing for oil. 

ROAD-METAL 

Limestone outcrops are numerous, most of which are suitable for road- 
metal. Along the San Juan to Pouoe Road outcrops worr noted at the 
following places : 
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Kilometer .9 

Kilometer 55.8 

Kilometer 61.1 

Kilometer 61 .4 

Kilometer 67.0 

Kilometer 73.2 

Kilometer 78.2 

Kilometer 84.0 

Kilometer 85 . 1 

Kilometer 87.7 

Kilometer 90.9 

Kilometer 94 . 2 

Kilometer 99 . 5 

Kilometer 100.3 

Kilometer 104.1 

Kilometer 105.3 

Kilometer 106 . 6 

Kilometer 107.5 

Kilometer 108.2 

Kilometer 111.9 

West of Cidra two good limestone outcrops exist. Limestone is almost 
absent from the Cayey to Guayama Road, but andesite intrusives occur 
almost continuously. The Aibonito to Barranquitas Road sliows many 
outcrops of silicified shales suitable for road-metal. The limestone of the 
Coamo Springs Range serves as a convenient source of suitable rock for 
the Coast Road. 

Salt 

Two salt pans exist just southeast of Salinas. Ai)out 30,000 pounds 
of salt have been obtained from these pans ])y evaporation of sea water. 

Clays 

The surface of the mountainous interior of Porto Rico is universallv 
covered by a heavy, sticky, ferruginous clay akin to the gumbo found in 
the United States. This clay is too plastic and too ferruginous to be 
used for structural brick, paving brick or sewer pipe unless properly 
mixed with shales and carefully burnt, and fuel is too expensive to make 
elaborate burning feasible. Such clays, however, are suitable for low- 
grade tile and pottery. Some building bricks have been made in Porto 
Rico. In the Coamo-Guayama district low-grade red bricks were made 
near the following places : 

Coamo 20,700 brick, valued at $140 

(luavama 250,000 brick, valued at $2,000 

Santa Isabel 50,000 brick, valued at $300 
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The bricks manufactured are extremely friable, as would be expected, 
considering the primitive methods of manufacture employed. The clay 
is mixed and ground in a circular pit aroimd which a wagon wheel is 
pulled by a horse. The wheel is attached to a long beam which is fixed 
to a pole in the center of the pit The prepared clay is hand-molded and 
dried in the sun, after which the green brick are built into a rectangular 
kiln. Charcoal is used to bum the brick. 

Like 

Stone suitable for lime burning is probably not present in this district. 
As shown in the earlier part of this report, all the limestones are high in 
tufiEaceous materials, which makes them unsuitable for a lime as pure as 
required by tlie sugar industry. 

Natural Cement 

The presence of the tuff, however, makes the limestones of a composi- 
tion required fo;r natural cements. This fact was demonstrated by the 
Central Aguirre. This Sugar Company burnt some of the limestones in 
the Aguirre Hills hoping to prepare a pure lime, but the product they 
obtained was a cement. 

Structural Limestone 

Limestone is the best troj)ical building stone. The heavy vegetation 
keeps the carbon dioxide content of the rain and ground water so low that 
solution has but little influence. This is shown bv tlie San Juan fortress 
and castle, which, after standing for centuries, are as good and solid as 
the day they were built. The best limestone in the Coamo-Guayama dis- 
trict is that of the Coamo Springs Eange, which offers an inexhaustible 
supply. This limestone in most places is heavy bedded, solid and uni- 
form. West of kilometer 108, on the Military Road, a quarry is l)eing 
worked in a desultory fashion. The limestone is not only easily quarried, 
but is accessible from the Coast Koad along nearly the whole of the 
district. 

Thermal Springs 

Three thermal springs exist in Porto Kico. The Quintana Spring is 
located in a subsequent valley, lying north of Ponee, just at the foot of 
the niount4iinous interior, where the rocks in the immediate vicinitv indi- 
cate the fonner loci of volcanoes. The Coamo Spring has been described. 
North of Arroyo and situated far out in the coastal plain is the Virella 
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Spring. Hie ioUowing analyses of the waters of the above spriags were 
made for thia report by Mr. Louis Hemandes, of the Porto Bican Serrioe 
of Sanitation: 
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1 nitrite ()Oii .00(M3 

Sodium nitrate liiis .0730 .0729 

Ammonliuu chlorliJt 1800 .1374 .03RIS 

Lithium chloride (¥Ki42 .0034-1 .iHyVil 

PotAaatnm chloride 0;t80 .14n!> .025 

Sodinm clllurlde 1234(i 2.11101 ' .3470 

Magneatum BulphBto 0102.T .001 .1004 
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QwilitaHve AnalytU 

COAMO. 

Bromine Negative. 

Iodine Negative. 

Hydrogen sulphide Negative. 

Carbonic nnh^-dride (Free) .... Negative. 

Free sulphurous anhydride Negative. 

Phosphoric anhydride Negative. 

Boric acid Negative. 

Lithium (spoctroscopically ) Positive 

Specific gravity- 1.003 

Temperature 44" C. 



ViBSLLA. 


QUINTAMA. 


Negative. 


Negative. 


Negative. 


Negative. 


Negative. 


Negative. 


Negative. 


Negative. 


Negative. 


Negative. 


Negative. 


Negative. 


Negative. 


N^ative. 


Positive. 


Positive. 


1.006 


1.0O4 


30-C. 


34«0. 



Coamo Water: No reaction on litmus; alkaline to phenolphthalein, but on boil- 
ing the color disappeared. 
VireUa Water: Alkaline to litmus and phenolphthalein. 
Quintana Water: Neutral to litmus, but alkaline to phenolphthalein. 



The high sodium chloride content of the VireUa waters is probably due 
to wind-carried salt spray of the near-by coast and to the fact that the 
waters issue through the recent coastal plain deposits, which have not as 
yet been completely freed of their connate sodium chloride. The high 
magnesium chloride content of the Quintama Springs makes their waters 
unsuited for drinking purposes. The waters of the Coamo Springs are 
good to drink and a trade in bottled waters should be developed. The 
temperature of the Quintama and Coamo Springs has encouraged their 
owners to build comfortable bathing pavilions, which will attract more- 
and more tourists as their fame spreads abroad. 
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Explanation 



Becent-Santa Isabel fonnatloii; mostly allnyia. 
Oligocene-Arecibo formation; mostly limestone. 



Eocene. 



" Hio Descalabrado series ; a thick series of sliales with a little 

limestone and diert 
Coamo Springs series; a heavy bedded limestone. 
Rio Jueyes formation; a complex series, mostly limestone, but 

with mnch shale, some tuffs and conglomerates. 

^(luayma series; a complex series, mostly of shale, but with 
much chert, some toif, limestone and conglomerate. 
Gretacic " ^^^^^^ ^^ Cayey series; mostly conglomerate, with a little tuff 

and some shale. ' 



Comanche 
to 



Comanche. . .^ 



" Hurranquitas-Cayey series ; mostly shales, with much limestone 
and a little tuff. 
Rio de la Plata series; mostly tuff, with a few agglomerates, 
shales and limestones. 
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INTRODUCTION 

Nature of Investigation 

A geological study of the Ponce District, an area of about 850 square 
miles, in the southwest comer of the island, was undertaken with the 
expectation that in this less humid section some points in the geology — 
for example, the structure and age of the Older Series and the question 
of recent changes of level — might be determined. The relation of this 
area to other parts of Porto Rico may be seen by reference to the Outline 
Map.^ 

The field-work occupied the period from June 1 to September 8, 1917, 
and the report was completed in the Geological Laboratory of Columbia 
University during the succeeding winter. Field-work was carried on 
from the principal cities and towns as headquarters, saddle-horses being 
the chief means of transportation. The formations along all roads, nu- 
merous trails, and many stream courses were studied, and it was along 
such routes that the best exposures and decipherable structures were 
found, especially in the Cretaceous rocks. Seven main traverses were 



1 Scientific Survey of Porto Rico and the Virgin Islands, I, pt. 1, p. 26. 
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made frriin north to south, with many detours into adjoining territory, 
thus making it possible to examine all formations of any consequence. 

Geological and Topographical Map 

Tlic ha Si* ma]) for the region was compiled from maps of the United 
Stiiti'< Coast and Geodetic 8ur\'ey and of the Insular Crovenimeut, sup- 
pk inmtitl hy the writer's field-notes. The scale used, 1 : 50,0()0, or ap- 
pro.xinmtrly niu* and a quarter inches to one mile, makes it possible to 
show cinnlly small intrusive bodies which could not have been represented 
on tlif axaihdde smaller-scale maps. The topography is generalized, but 
can- has hreii taken to depict the surface features in as much detail as 
tinH' wnii hi. allow. 

Routes of Travel 

Oil the (nol<)i:i<al Map an attempt has been made to differentiate the 
(ir>t-(lM-- macadam n»a<ls from those of second grade. -AH important 
trails arc aUo >]iu\\ii on this map, hut the innumerable local paths of the 

iiati\<> havr Ikm-h omitted. 

Climate and Vegetatiox 

T'k- . liiiijii.- i^ tr«ipi(nl, hut nicMlifitMl hv the trade winds an<l bv tho 
l.iiiH ;ii!.| -. n !.iv./<'>. 'V\u- .lisirict as a whole has less rainfall than other 
pan- "1 I'..rin K*i(u. In fait, tlu* extreme southwest corner hor<ler< on 
ar!.hi\. Till' iiicuniain< aloiiir ilie northern boundary of the district 
i(Mri\.' a (npi..ii> >ui>j»ly of ni()i>ture from the sudden downpours, which 
WiVi' nl»-,r\((l to 1)«* a daily r\rut during the period spent in the district. 

'rrnj»i(al v(<rrtatioM is rank in most of the higher mountains. It forms 
a taniili'il inas<, tlirou;:h which it is often nec^essary to chop one's way 
unl«>> rnadwavs or streams are followed. However, all the mountain 
slopes arc not so heavily coatod with plant <rrowth, some being compara- 
tively harrcn: r«»r exani])le. the serpentine ridgos north of Sabana Grande 
and sonic of the hills of Tertiary limestone along the south coast. 

A('KNowm:i)(;m i:\Ts 

'VUv manv ecairlesies extendiMl hv residents tlirou^rhout the island and 
the material assistance given by not a few of its people not only added 
[)leasure and comfort throughout the work, hut were in a measure resjMjn- 
sihle for the satisfactory completion of the field investigation. 

Among those who rendered special service were Col. (i(»orge R. Shanton, 
Chief of Insular Police. Governor Yager's suggestions of a general na- 
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ture and his assistance in getting the field-work started were higlily 
appreciated. Dr. Lippitt, of the Bureau of Sanitation, gave information 
concerning sa-nitary conditions and also furnished letters to residents in 
the district. To Seiior Manuel Gonzales, of Salinas, the writer is in- 
debted for the loan of saddle-horses, the securing of which made it possi- 
ble to cover tlie area in much greater detail than could otherwise have 
been done. Deputy United States Marshal George Trautman, of Ponce, 
spent one day in the field with the writer, pointing out features of inter- 
est in the vicinity of the manganese deposit north of Juana Diaz. The 
efficient service of Seiior Fernando Oliver, Jr., as interpreter was a con- 
siderable aid in the field-work. 

The field-work and pre])aration of the report have l)een under the gen- 
eral direction of Dr. Charles P. Berkev, whose interest has been a source 
of inspiration. Dr. Amadeus W. Grabau has made valuable su<r<re.stions 
in strati^rapliical and paleontological matters, as has also Dr. J. J. 
Gallowav. 

Dr. T. W. Stanton, of tlie United States Geolo<rical Survey, dotorniined 
tlie RadioliU's sp. and Actax'onella sp., and thus made it possible to place 
the a<,a' of the oldest rocks as Upjior Cretaceous. Dr. Robert Tracy 
.lackson identified the Cli/pecuifer rosacem and the new species Iletnmster 
hvrkcjii. lie has also kindly furnished a description for the latter. 
Lastly, the writer wishi's to express his acknowledgements to the Xew 
York Academy of Sciences, which institution made it possible to carry 
on the investigation. 

PHYSIOGRAPHY 

Introductory Statement 

Tlie broader relief features of the Ponce District may be grouped as 
follows : 

(1) A complex mountainous area, the westward continuation of the 
central Cordillera, which is characterized by angular ridges and deep, 
narrow valleys cut several hundred feet below the general level of the 
mountain surface, the altitude of which rises to over 3600 feet in the 
highest peaks, in the region to the southwest of Adjuntas. These moun- 
tains stand on the north side of the district, and their southerlv and 
westerly slopes stretch toward tlie coast with more or less imiformity and 
pass beneath the remnants of Tertiary coastal plain sediments which 
border the south coast. The south westward continuation of this "old 
land" surface is broken by two conspicuous, broad valleys, one extending 
from Y'auco on the east to Boqueron, on the west, and the other occupy- 
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\i\^ the triangukr lowland from San Gennan to Cabo Bojo. The most 
rugged section extends along the northern side of the region from the 
eastern boundary, east of Villalba, to the vidnitj of Haricao, the hills 
bec<>niing lower and the Talleys broader as raie approaches the south and 

west coasts. 

{"i) A nmch-ilissected coastal plain of Tertiary sediments, which at 
one time lapped over the eroded snrfaoe of these complex mountains, but 
is now faulted down against the older rocks and forms a border along the 
south Coast. These coastal-plain deposits are cut into isolated remnants 
hy streams flowing through to the Caribbean Sea. 

(:>j Lowland areas, some quite extensiye, occupy present and former 
river valleys and stretch along the coast in broad, gently seaward sloping 
I)laiiis. call«>d playas. The most striking of such lowlands are the valleys 
)x>t\vf4'ii Vauco and Boqueron and the valley of the Ouanajibo Biver. 
The nit»<t extensive playas are Ponce, Gnayanilla, Cape Bojo and 
MavairiKz. 

In the following pages the physiographic details of these broader relief 
foatiiro will be presented, together with a discussion of minor surface 
conliirurations. 

Complex Mountains 

KXTENT 

Til- < Ml 111. |, A nn.uiitaiiis (»ccupy over three- fourths of the region. They 
rxicii'i !'• \««ii.] the district boundaries on the east and north and reach 
the ^« ;i nil i!j«' we>t. Th»i southern limit is marked by the fault separat- 
iiiL'- th" 'r<Ttinrv and Upper Cretaceous rocks. 

RELIEF 

'J'Ik' relief is rugged along the northern border, whereas the ridges 
hecniiM' more lounded and the vallevs broader as the southern and west- 
rvn hoimdarics are approached. When viewed from the hills south of 
Vauco, thf ui)land surface has a gradual slope southwestward from the 
inaiii (lraiiia<re divide north of Yauco to the low hills of the west coast, 
<'Xtendiii;: fnan Mayagucz on the north to Cape Rojo Playa (Fig. 1). 
On closer inspection the intensive dissection which progresses daily under 
tlie tropical showers greatly impresses the observer. The steep slopes of 
th(.' ln<,dier mountains turn the waters into narrow gorges, where, after 
heavy storms, raging torrents are ever deepening and widening their 
valleys. The heavy coat of tropical vegetation checks the rapid run-oflf, 
but the impervious character of the surface soil facilitates it. Such 
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tures is shown in many 
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n*uli:'^* the iiu])(irtance of these highly calcareoiu heds in the physiography 
of lN»rto Uicti. 

The tutr and a8hy shale weather readily, although it must be remeni- 
ImtcmI that tlie mure strongly indurated tufFs are among the rcx^ks mnsst 
n'sio-tant to enision. The ashy shales are easily disrupted and cut away, 
ainl it is alon;; liolts of such material that the head-waters of some of the 
Ntn-Hiiw an* fonning deep valleys with sharp ridges between. Shale 
lii;;li«r in lime contrnt, as, for example, that at Ensenada, is a good ridgo- 
iiiakfr. RcftTeiuv t<i the geological and topographical map brings out 
tilt' f]i(-t that the largest valleys, as. for example, Yauco-BoquorcMi aiul 
(iiiaiinjil)o. are fornie<l principally on tuff. A factor which has acceliT- 
atcd tlif misioii of tuff in the southwestern part of the district is ex> 
foliation. By this proci'ss numerous tuff exposures are undergoin;; «lis- 
iiitr«:ratioii. 

The stnictiirnl attitude of such rocks as the San German and (Tuaval)al 
liinofniir i^ in part n'sponsihle for some of the most striking surface 
fratnn- in thr n»::inn. The tilted position of these strata, with more 
«a>il\ ♦'rn.hfl mati-rial hotli below and above, has given rise to ridges like 
thr nnj* tn \\\r cast <»f ^luavrthal res<Tvoir and those forming the s<»uth 
facr Hi" ^'}nuo-Ho<juon)n an«l GuanajilK) valleys. 

Till' «!<vr|n|nn«'nt «»!' suhsccjuent vaUevs \\\ headward erosion aloiijr 
w.jik. I- r<< k-l».lt> r;in !»«• smi nortli of Yauco, where the head-waters of 
t!i«' ( .ii;;\;iiiill;i an* unikiiiL^ hack alnn^^ helts of tuff and shale. Other 
-nialh I. -n'l- ■<|U»nT \}ill»'V> are fnun<l ah)n^ the south coast, as. for fX- 

ani|»l<'. t: ih- at Mn^t-naila an«l thr extensive lowland l)etwiHMi Yaueo an«l 

r»iH|n«i-.in ami tin* \allcy alon;r the (Iiianajibo. 

i)i!AiNA«;i-: 

Thr jm-Miit <lraina«:c is divided anion«r fifteen main streams and their 
trihularies. The area east of a north-south line drawn approximately 
tlirnii;:)! Y a lien Is drained by ei^dit ])rincij>al rivers, among whieh are the 
.la«a'Mias, raliahoa, (Inavanilla, Bueana. Inahon, Portugues, ('anas, 
Vauco and Snsua. 'J'hese streams, wlH>se head-waters are in the moun- 
tains to the nortlu cross tlie ^a»olo«rical structure approximately at riirht 
an^ries in llie lower thre(^- fourths of their course to the Carihbean Sea. 
Kacli has cut a deep valley along its u[)])cr course, hut on reaching the 
coastal |)lain tlie l)rea<lth of this valley is considerably increased, and in 
instances, like the l^>nee Playa, the confines of individual streams are 
lost in the flat coastal lowland. The course of the drainage across the 
structure suj)ports the idea of supeii)osition from a former more exten- 



M/TCHELL. GEOLOGY OF THE PONCE DISTRICT 237 

sive Tertiary coastal plain, and, as will be shown later, this has probably 
been the case. 

The principal westward-flowing streams are the Guanajibo, with its 
tributaries, the Vie jo, Rosario, Hoconuco, Cain, Flores and Mayaguez. 
The history of the Guanajibo is of special interest, due to its capture of 
streams to the east of San German. These streams formerly flowed south 
through the Yauco-Boqueron Valley to Guauica Bay. The original 
Guanajibo, which drained westward from San German, had a shorter 
course to the sea than the streams of the Yauco-Boqueron Valley. As a 
consequence, it pushed back its head- waters, which were then west of San 
(jorman, to a point east of the city. The Cain and Flores, with their 
branches, were tlicu following a longer southerly route and developing 
the Yauco-Boqueron lowhmd. With the eastward advance of the Guana- 
jibo, tliis southward drainage was captured and divert^nl to the west. 
Tlie water gaps in the hills southeast of San German strongly support 
this conclusion. Stream gravels are present in some of tliese gaps. 

Tlie north-flowing streams are MayagU(»cillo, Guaba, Bucarabones, 
Prieto, and Blanco, all of which pass into the adjoining area, studied in 
detail bv Mr. Bcla Hubbard. These streams are workin<x mostly in shale 
and tuff and arc ra])idly cutting back their valley heads along the main 
drainage divide. 

TEURACKS 

Tbe onlv terraces found alon*: streams are those formed by the en- 

• «^ ft 

trenching of formerly de[)osited river alluvium. Such terraces an? more 
strongly develo])ed along the lower stream courses, but a few examples 
are found bordering the wider sections of the upper stream valleys. It is 
my belief that these terraces are connect^nl with the recent changes of 
level which have affected Porto Rico. A wave-cut terrace has been formed 
on the Cretaceous rocks making up the point just south of the Reform 
School, southwest of Mayaguez. The details of the terraces due to wave 
action will be found in the section describing the Historical Geolog\\ 

Tertiary Coastal Plain 

EXTENT 

What remains of the Tertiary coastal plain along the south coast of 
Porto Rico extends from a point a short distance east of Juana Diaz to 
Cape Rojo and Point Aguila, in the southwest comer of the island. This 
physiographic province is not continuous, but is cut into isolated areas 
by the rivers traversing southward. The largest portion is confined \jo 
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the vicinity of Ponoe and contmues west to the region of Ensenada. The 
exposures at Cape Bojo and Point Agnila are small and underlie the San 
Juan formation at the former locality. The northern boundary is deter- 
mined by the fault, which is diacasaed later under structure. 

RSLIBF 

In contrast with the complex mountains, the coaatal plain has a much 
smo<jther aspect Viewed from a distance, it is seen to approach, with a 
gentle south slope, the ''old land" on the north. The boundary between 
these two physiographic units is in most cases characterized by an erosion 
scarp forming the south wall of the discontinuous fault^line vallqr devel- 
oped along the fault zone between the Tertiary and Cretaceous areas. 
The surfaoe is diversified by stream valleys both across and parallel to the 
strike. The greatest altitude reached is a little over 900 feet, in the area 
soutJicast of Penuelas, and the slope is southward and southwestward 
from this point. 

ki:lati()n of topography to rocks and book structore 

The soft, clialkv character of much of the strata making up the coastal 
])lai7i olTcrs little resistance to erosion. Streams have slight diflSculty in 
(l('\(']o[)inLr their valleys, ami would cut them much faster were it not for 
the I'aer that the rainfall in tliis part of tlie island is much less than in 
other siK tions of Purto Uico where the Tertiary is found. Harder strata, 
.^(jni« limes a foot or more in thickness, have protected the underlying 
material, thus producing low cliffs. This, however, is a minor feature. 
On the north coast slialy and harder strata have been in part responsible 
lor the haystack t^^pography (Berkey, 1915, p. 51). None of this type 
.f topo;:rraj)hy was seen in the Ponce District. 

The ease with which water enters and dissolves the limestone is respon- 
sible for the ])itting of the surface with depressions having no apparent 
outlet. Such sinks are to be seen in the region of kilometer 67.0 along 
the l^ome-Pefiuelas road. These depressions arc very inferior to similar 
occurr(»nces on the north side of Porto Eico. 

DRAINAGE 

The prin(Mpal drainage consists of the main streams, which rise in the 
m<nintains to the north and traverse the coastal plain through open val- 
leys bordered by low hills. All of these streams lie to the east of Ense- 
nada, the Tertiary area to the west being void of any but intermittent 
streamlets. Among even the larger rivers, few maintain a constant flow 



MITCHELL, GEOLOGY OF THE PONCE DISTRICT 239 

to the sea. Observations during the three months spent in the district 
proved most of them to be of torrential habit, at times filled to overflow- 
ing, then receding again to dry channels. The amount of rock waste 
which such torrents transport is large. Boulders several feet in diameter 
can be found in stream channels during low water. 

Gaps in which water-worn gravel is foimd occur east of Ponce, in the 
Tertiary limestone ridge along the south face of the lowland between 
Ponce and Juana Diaz. The largest of these gaps is just southeast of 
kilometer 127.0, on the road from Ponce to Juana Diaz. Formerlv the 
Bucana River occupied this depression, but has since taken a westward 
course to the Ponce Playa. Other gaps notch the Tertiary ridges, but 
conclusive evidence of stream capture in such instances was not found. 

TERRACES 

Both stream- and wave-cut terraces are present. The former are sim- 
ilar to those described under the complex mountain area, but are more 
extensive; the latter are represented by old marine levels along the south 
coast. The stream terraces are best seen along the Bucana River north 
of the military road from Ponce to Juana Diaz. The successive levels at 
this locality have cut through alluvium to underlying rock. 

Wave-cut benclies on the Tertiary along the south coast of the district 
are well developed on the headlands at the mouth of Guanica Bay and a 
short distance both east and west of this point. The elevation of these 
levels ranges from 10 to 200 feet and bevels the south-dipping Tertiary 
limestone beds. In some instances cliffs at the inner margin are partially 
preserved, but in most cases the soft character of the chalky limestone 
has prevented their preservation. 

There has been some difference of opinion, among those who have 
studied the district, concerning the question of recent changes of sea- 
level in Porto Rico. In the following pages the evidence secured by the 
writer in the survey of the Ponce District will be presented. The locali- 
ties listed range from east to west and include terraces cut on the Cre- 
taceous, as well as on the Tertiary rocks. Berkey (1915, p. 48) describes 
terraces in the region near Guayama, on the south coast, which he at- 
tributes to wave action. Their levels range from 100 to 200 feet. The 
evidences of recent changes of level, together with conclusions on the 
question, are as follows : 

(1) One-half mile southwest of Juana Diaz, on the north bank of the 
Jacaguas River, the folded Tertiary beds are beveled and a deposit of silt, 
sand and gravel 2 to 12 feet thick covers the surface. In this surface 
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covering, at an elevation of 130 feet^ are found nnmeronfl Strombus 
jmgilis. 

(2) At kilometer 72.5, on the Ponce-Penoelaa road, recent marine 
fo8sils are found in finely stratified material of estuarine character. In 
tliis deposit a layer of black mud averaging one foot in thickness occurs 
at a depth of from 2 to 5 feet below the surface. In this black mud are 
fouiul Strombus pugUis, Lueina jamaicentis, Ludna tigrina. Area tuber- 
culosa, and Byssoarca ziebra. These fossils are also found in other parts 
of this depo^^it, the elevation of which is 180 feet 

(3) Across the west branch of the Canas Biver, just east of the above 
]o(*ality, the same species of fossils as occur at (2) are found in the 
stratified sands and gravels at a depth of 3^ feet below the surface and 
an elevation of 160 feet. 

(4) Southeast of Yauco, 1% miles, in the Rio Yauco Valley, abundant 
fossils are found in the surface covering of the river valley at an elevation 
of 1^)0 fcKJt. The fossils include Murex elongcLius, Area rhomhea, Lucitia 
tigrina. Area tuberculosa, TurrUella imbricata, Pecten nucletui, Venus 
can ct'I lata, Ostrea virginica, Piema sp. 

(5) East of Yauco, one-eighth of a mile, the pre-Tertiary rocks are 
truncated, and in the gravel and sand which cap the beveled strata are 
found Area tuhereulom and Lueina tujrina, occurring at depths of 1 to 2 
feet h'.'low tlie surface. The elevation at this point is 200 feet. 

((i) On tlic coast southeast of Yauco a terrace surface bevels the Ter- 
tiary linicstoiic at an elevation of (JO to UIO feet, the inner margin being 
marked in |)laccs by a cliff. The following fossils are found on this sur- 
face : Strombus aeeiptrinua, FijfsureUa nodosa, Area rhombea, and Turbo 
pica. 

(1 ) Just north of the lighthouse at Guanica the Tertiar}^ limestone is 
beveled hy terraces at levels of 10, 50, and 150 feet, and in the surface 
soil on the two u|)per terraces are found Area tuberculosa, Lueina tigrina 
and Turbo pica. At the ten-foot level large numbers of these fossils are 
found in the lime sand and silt which coat this terrace. 

(8) East of (luanica one-eighth of a mile, on the east side of the Susua 
Vallev, a terrace at an elevation of 50 feet cojitains in the surface lavers 
the forms Lueina janiaicensis. Area ttthereuhsa, and Turbo piea. 

(9) At the town of Ensenada (Central (iuanica) the shale is trun- 
cated and a de])osit of shells, mud, silt and sand covers the surface to a 
maximum depth of 5 feet. The fossils occur at an elevation of 45 feet 
and include the following: Murex elongatus, Manieina sp., Venus can- 
eellafa, Operculum of Turbo, Area rhonibea, Cerrethium litteratum, 
Osfrea virginica, Area tuberculosa, Byssoarra zi-ebra. 
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(10) On the south side of Pardas Bay, south of Ensenada, the Ter- 
tiary limestone is again terraced at an elevation of 65 to 100 feet, and the 
fossils Area rhomb ea, Area tuberculosa and Lucina jamaicensis are found 
buried in the soil of the surface. 

(11) On Cape Rojo, in the southwest comer of Porto Rico, the San 
Juan formation, wliich has been interpreted by Berkey as a lime sand of 
dune origin, is found at an elevation of 75 feet, overlain by 3 feet of 
conglomerate consisting of well-rounded pebbles. In the San Juan for- 
mation occurs a Conus sp. very close to the recent form Conns porio- 
ricanus. 

(12) On Aguilla Point, the extreme southwestern portion of the 
island, recent gastropod sliells are found in consolidated gravels at an 
elevation of 11 feet. At an elevation of 25 feet tliev occur on the beveled 
surfaces of the rocks which make up this point. 

(V)) Three and three-quarters miles southwest of Mayaguez, on the 
coast near the Keform School, a t(»rrace is cut on the Cretaceous rocks at 
an elevation of 50 feet. Tlie inner margin is marked by a cliff, and the 
following fossils are found in the surface soil: Area tuberculosa, Venus 
cancellata, Lucina jamaicensis. 

The argument lias been advanced by Lobeck that where recent fossils 
have been found in Porto Kico thev are associated with Indian mounds. 
Such an interpretation, however, could not explain the existence of shells 
buried in stratified material of estuarine character at depths of from 2 
to 5 feet. Furthermore, although in each of the thirteen localities cited 
above the writer made careful search for artifacts, in no instance was 
evidence found to substantiate the Indian-mound theorv. 

Based u[)on the evidence j)resented in the thirteen above-mentioned 
cases, the writer draws the following conclusions: With the recent 
changes of level the old river valleys were embayed, allowing the sea to 
enter with its marine fauna and to lay down deposits of sand, silt and 
mud. That these deposits — for example, at localities Nos. 1, 2, 3, 4, 5, 
8 and S) — were laid down in Quaternary time is evidenced by the fact that 
over 95 j)er cent of the fossils are of the same species as those living at 
the present time in the adjacent sea. In the remaining instances, Nos. 
(), 7, 10, 11, 12 and 13, the truncation of the underlying beds of limestone 
and other formations along the south and west coasts and the presence of 
cliffs at the inner margins of some of these terraces, together with the 
recent fossils found on the surface, are facts hard to explain if they are 
not connected with the work of the sea. 

In considering the question as to which has been the shifting element, 
the land or the sea, the evidence indicates a change in the elevation of the 
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land. If the sea-level had varied and the land had remained stationary, 
one should find some xmiformity in the terrace levels at particular stages. 
Such uniformity does not exist. In summing up the condusions the 
writer fi»els justified in stating that there has been differential uplift of 
the land in Porto Rico in recent time, with a maximum change of at 
least 200 feet. 

Lowlands 

TALLET8 

Two of the most interesting valleys from a physiographic standpoint 
are the lowlands occupied by the Guanajibo River, especially the trian- 
gular portion between San German, Cabo Rojo and Hormigueros, and 
the broad stretch of nearly level area between Yauco and Boqueron. The 
dovelo()nu'nt of the former has been at the expense of the latter. 

The Guanajibo River occupies a valley, the head of which lies just east 
of Sabana Grande. The lowland extends westward along the river, and 
narrows north of San German to less than one-quarter of a mile. A short 
distancMj westward it again widens into the triangular area already de- 
sorilu'd. In tlie northwest comer of this triangle the valley is once more 
roducM/d in widtli and finally opens out into the Mayaguez Plava. The 
history of the development of this valley is intimately associated with the 
ro(k<, nnk strncture, an<l (lraina*:ro of the region. The underlying for- 
nmtinn is chiefly tuir. with some shale. The strike is in general parallel 
to the IcriL'^tli (»r the valley. Berkey has suggested that the triangular 
lMnti(»n ah'eady nicntioniMl is related to an old volcanic vent, where the 
extremely hrokeii and easily disintegrated rook material would allow rapid 
r<'moval hy slrmms and at the same time account for the shay^e of the 
depression. The evidence in the case is not clear, because a deposit of 
alhivium covers the valley floor to such an extent that only scattered ex- 
p(»snres r)t* the underlying formations could be examined. Wliere such 
exposures wen* ^ovu they were found to he tuff like that exposed in the 
hills to the east nnd west. The narrow portions of the valley, for example, 
north of San (ierman are bordere<l on the south by peridotite, largely 
(hanged to serpentine. In the case of the depression now occupied by the 
(luavahal reservoir, north oF Juana Diaz, the evidence of a former center 
(>r volcanic erujUion is clear (Berkey, 1015, p. 37). The extremely 
broken and heterogeneous mixture of volcanic f ragmen tal material has 
offered comparatively little resistance to erosion, with the result that a 
similar hut much smaller lowland than the one along the Guanajibo has 
been formed. Whether or not the lowland along the Guanajibo has a 
similar history to the one marking the site of the Guayabal reservoir, I 
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was not able to determine from the evidence presented. However, it was 
found that the more easily eroded rocks underlie this area, the chief 
eroding agents being the Quanajibo and its western branch, the Viejo 
River. Another factor in controlling the shape and extent of this low- 
land is the San German limestone, which forms the south wall and has 
developed an erosion scarp with east-west trend along the southern bound- 
ary. The relation of the history of the Guanajibo Valley to that of the 
Yauco-Boqueron lowland is closely associated with drainage modifications 
of the Guanajibo. By working eastward, the head-waters of this stream 
captured those which formerly flowed south through the Yauco-Boqueron 
depression to Guanica Bay. Further details of this capture will be found 
in the discussion of this latter valley. 

The Yauco-Boqueron Valley, a name suggested by Lobeck, extends 
from Yauco on the east to Boqueron Bay on the west. It is the most 
pronoiiiieeil physi()gra})liic feature of its type in the district. Its south 
wall is formed by the San German limestone and tuff. The northern 
boundary is less strongly set off from the low hills of the complex moun- 
tain proviiiee. Its greatest width is approximately three miles, with a 
length of over 21 miles. Southwest of Lajas the valley narrows : then 
widens again westward of that point. The elevation ranges from sea- 
level at Guanica and Boqueron bays to an altitude of loO feet just south 
of Lajas. The underlying rock is chiefly tuff, with small patches of shale 
and two remnants of San German limestone in the hills east of Guanica 
Lake. Tuff remnants can be found protruding through the alluvium 
filling. The geologic structure which has influenced the development of 
this lowland is th^ associated with the southward -dipping shales and 
limestones. Reference to geologic cross-section (B. B^), Plate V, will 
illustrate the structural habit of the rocks involved. It will be noted that 
the formations dip south at angles near 45°, and the main depression is 
cut on the tuff, with the limestone forming the greater part of the ridge 
to the south. The history of the development of this valley dates back 
to a period before the capture of its principal drainage by the Guanajibo. 
At that time the waters of the Cain, Flores and what is now the upper 
Guanajibo flowed south to Guanica Bay. It was during this period that 
the valley was carved. Later diversion of the drainage by the Guanajibo 
left only a few intermittent streams in the eastern portion, which have 
continued to furnish water for Lake Guanica. The western portion of 
the valley was formed by the Boqueron River and its branches. 

The depression between Ponce and Juana Diaz differs from the two 
just described, in that it has been formed on the Tertiary marl and lime- 
stone which has an anticlinal structure. Structure (Section H. H% 
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Plate VI) is acroM the eutem part of tfaia valley and shows the relation 
between structure and topography. The fault along the north side cuts 
diagonally soutliwest across the anticline^ and in the vicinity of the 
Ponce-Adjuntas road brings the southern limb, which ia oompoeed of 
clialky limestone, into contact with the Cretaceous rocks. This feature 
can be seen in Section 0. G^ Plate VL The south wall is determined bv 
the erosion scarp developed on the south-dipping Tertiary limestone. 
Till* surface of this valley does not present the same smoothness which 
characterizes the depressions at the west end of the district. Low hills 
are present and stream terraces are cut below the general level of the 
vallev floor. 

Other lowlands along the south coast are illustrated by the valleys cut 
by the Guayanilla, Yauoo and Tallaboa rivers. All of these depressions 
have essentially the same history, having been formed by the streams 
which now occupy them. Their location and extent are shown on the 
(reol()«ric Map. Their most conspicuous portions are near the mouths of 
the streams and are cut in the Tertiary Coastal Plain sediments. In the 
ca.so of tlie Hio Yauco and Guayanilla, the valley floors developed on the 
Tertiary rocks are much wider than along the Tallaboa, but in each case 
the mouth of the stream is characterized by a coastal flat 

To the east are similar valleys, as, for example, Canas, Inabon, Portu- 
giies and .lacaguas, all of which merge seaward into the Ponce Playa. 

PLAYAS 

I Maya is the local name given to gently sloj)ing areas bordering the sea. 
In otlier loinitries similar areas have sometimes been designated as nar- 
row loas'al phiins, to distinguish them from more extensive tracts of the 
same character. In Porto Rico, playas are prominent features, especially 
along the nortli and part of the south coast. The four most extensive 
ones in the Ponce District are Ponce, Guayanilla, Mayaguez and Cape 
Rojo j)layas. 

I*oncc IMaya, tlie largest of the four, is over 15 miles long and oi^ 
miles wide at its ])roadest point. The gentle seaward slope is traversed 
l)y the ('anas, Portugues, Bucana, Inahon and Jacaguas rivers, all of 
wliirli contribute to the gravel, sand and silt which coat the surface of 
the underlying limestone to depths of 25 feet and over. The topm(»st 
layer is generally a black soil, made blacker by fertilization with cane 
waste from the sugar "centrals.^' 

The formation of Ponce Playa and others to the westward is due to a 
combination of river flood-plain and delta processes. The detritus from 
the land has l)een carried to these lower areas, where it has been spread 
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out by successive floodings. The occurrence of recent marine fossils in 
the playa material shows the presence, at one time, of the sea over these 
areas, and its influence in their formation is a factor to be considered. 

Guayanilla and Mayaguez playas are smaller than the one at Ponce, 
but have essentially the same physiographic history. At Mayaguez the 
underlying rocks are of Cretaceous age, while in the case of Guayanilla 
the basement formation is of the same geologic age as that at Ponce. 

Cape Eojo Playa is of special interest, due to the presence of a thin 
coating of reddish, siliceous sand which covers the surface. The rock 
upon which this sand rests is not extensively exposed, but where seen it 
is tuff of the same general character as that at Ensenada. The origin of 
the siliceous sand is probably in the numerous quartz veinlets which occur 
in the shale and tuff; also from chert masses in these rocks. The red 
color is due to iron oxide coating the grains and preserved in the arid 
climate which now characterizes the extreme southwest corner of the dis- 
trict. The concentration of sand at this point is most likely the combined 
work of streams and sea. Conclusive evidence of former streams entering 
this area from the north was not found, but the gap to the north of the 
playa suggests the presence at one time of a stream of considerable size. 
The level character of the surface is in large part the work of the sea 
when it stood at a higher level. 

Minor Physiogkaphic Features 

slumping 

Slumping has producrd minor physiograpliic changes, especially evi- 
dent along the sides of river valleys which traverse the Tertiary limestone, 
and in places the material has been reworked by the estuary waters, which 
at one time filled the lower portion of these river valleys. The erosion 
scarp along the north-facing Tertiary has also been modified by the same 
process. Large quantities of broken Tertiar}' rock were found in slumped 
areas, especially along the Ponce-Mayaguez road between Yauco and 
Ponce. The slumping has covered much of the fault which passes 
through this section. In the Cretaceous rocks, slumping is best seen in 
the serpentine northwest of Yauco, near the trail to Maricao. At this 
locality a large mass of rock has moved a considerable distance down the 
stc»ep side of the valley. This slide is so recent that the surface along 
which the movement took place is plainly visible for some distance. 
Slumping of small areas, especially in road cuts, were encomitered on the 
^layaguez-Consumo-Maricao road near Maricao. What appeared to be 
slumping of more ancient date was seen along the steep mountain valleys 
in the areas of tuff and red shale. 
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stones would indicate such a possibility. With allowances for such dupli- 
cation, a conservative estimate of the maximum thickness woidd be 3600 
feet. However, it is possible that sections might be found where this 
amount would be exceeded. 

Lithology, — In general appearance the tuff presents a rather wide 
variation. Shades of gray, green and chocolate color are common, with 
yellowish and reddish hues characterizing the weathered material. The 
texture ranges from very coarse, in which lithic fragments an inch or 
more in diameter can be plainly seen, to rock so fine that only micro- 
scopic study discloses its fragmental habit. The composition is princi- 
pally andesitic, but trachytic and basaltic varieties have been identified. 
As these departures from andesitic composition are minor features and 
are not always apparent in hand specimens, it has been thought best not 
to attempt separate mapping, but to group all such material under the 
general head of tuff. 

Changes which have been effective since the deposition of the tuff are 
of two general types : 

(1) Induration, which has compacted some beds into a hard, endurable 
mass which resists weathering even better than some of the igneous types. 
This induration has involved the formation of carbonitic and epidotitic 
aggregates, which have acted as a binder for the rock and mineral frag- 
ments. The amount of such binding substance is pronounced in some 
cases and, as can be seen in thin sections, fills the interstitial spaces be- 
tween the fragments and also replaces rock fragments and crystals. 

(2) Weathering, which has disrupted the tuff, thus forming alteration 
products, chiefly iron oxides and hydroxides, and producing a soft, crum- 
bling mass which can be crushed easily in one's hand. Besides the actual 
decomposition of the rock constituents, exfoliation has played an impor- 
tant part in the breaking-down process. Large roimded cores of tuff 
showing exfoliated surfaces are prominent features in the rock toward 
the southwest end of the area. 

Structure is almost entirely absent from rock of this class. Where 
structure is developed, it is extremely vague and proved of little service 
in the field. Jointing is pronoimced in many exposures, and in places is 
so well developed that it might easily be confused with bedding. Besides 
jointing, there are in many exposures a multitude of cross-fractures, 
some of which have been rehealed with mineral matter, chiefly lime 
carbonate, giving a veinlike structure to the rock. The gradation of tuff 
into agglomerate was noted in a few small areas. Rock of this character 
is made up of somewhat rounded accumulations of rock fragments of the 
same composition as the tuff proper, bound together by finei: material. 
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In some portions of the mMm, tttempts st aasortiiig, vith the production 
of partial bedding, oonld be faintly made oat; bat maariTe stmctore i0 
more eharacteriatic of both the aggkinerate and toff. There are ako 
gradations from tuff into shale, which in aome inatanoea ia ahown bj the 
development of sandy strata. Small, irregular manncs of greenish, red- 
dish and grayish chert occur in the tuff, espedallv in the vicinity of 
VillalU. 

Conditions of DeposUion and Age, — ^The pinching out of beds and the 
expansion in other areas into deposits of considerable thidmess, together 
with the general lack of stratification iriiich would be expected in water- 
lain material^ are factors which point strongly to deposition upon land 
of the major part of this rock. The gradation from maasire tuff to sandy 
and asliy bc'ds marks a zone in which the borders of tuff deposits were 
encroached upon by water bodies and the coarser materials reworked and 
assc>rted, with subsequent deposition, into stratified material. The period 
of tufr depo?:ition ranged throughout the time in which the Cretaceous 
be<]f« wen* )>cing formed, deposits of this character being found at the 
top and bottom and interbedded in the series. There were, however, 
intervals in which conditions were such as to permit limestone and 
foraniinifrral shales to form. 

Th«' L'^rul<»<rio a^^e of the Ensenada shale and the San German limestone, 
as sh(»un l»y th** fossils. i< TpiMT Cretaceous. Since the tuff has an inter- 
he<l«l«<l nlati<Mi to thrse formations, and as no unconformity has been 
foiirnl in tlit' xTics, it is lielieved that the tuff l>elongs to the same geologic 
eiMxli, nannly. tli<* tapper Cretaceous. It is possible that the lowest tuff 
beds may he Mi(Mle Cretaceous or Lower, but there is no evidence to 
support tins view. 

Shale 

(irnrrnl Sfatenienf. — Next to tuff, shale is the most abundant Cre- 
tarecnis rock in the district. On the basis of composition, a general 
(livisi(»n may Im* made into those hi^h in ashy matter and low in lime 
rarbonate, and those high in carbonate of lime and foraminifera remains 
but b»w in ashy material. Such a division, although not always appli- 
cable in the fieM, is easily made by microscopic study. A large number 
of shMes from rock of this character, collected in different parts of the 
district, were studied with this object in mind, and it was found that 
such a <reneral division like the one mentioned can be made. However, 
there are grarlations between these two main types, and a line of deniarka- 
tion cannot alwavs be clearly drawn. It was found that the more ashv 
varieties were confined chiefly to the northern, northeastern and north- 
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western parts of the district, while the more limy members were nearer 
the southern boundary. The best structure in the region is that exhibited 
by rock of this character. Strong bedding and fine lamination are ex- 
ceedingly well developed. This is true of both the limy and ashy shales, 
but is generally best seen in the more limy beds. The time that could be 
devoted to the study of the shales was not suflBcient to permit correlation 
of all the different exposures. Those whose relationships have been par- 
tially unraveled and whose occurrence is typical will be discussed some- 
what in detail. It is possible that the more limy members are equivalent 
in part to the ashy representatives, but further field study would be 
required to prove such equivalency. 

Rio Yauco Shale, — Along the road leading north from Yauco are ex- 
cellent exposures of strongly bedded shale. Rock of this character makes 
up belts of varying breadth, extending northwest-southeast across the 
northern portion of the district. The section exposed along the Rio 
Yauco is typical of this class of rock and exhibits very clearly its struc- 
tural habit. Similar formations to the east and west have been found to 
be a continuation of these shales, as, for example, the Jayuya Road shales 
and the red shale around Mayaguez. 

The thickness of shale exposed on the upper Rio Yauco measures 1200 
feet. The section here is well exposed and can be measured with some 
degree of accuracy. At other points it was not possible to get sections 
suitable for measurement ; but, from the quantity of this class of material 
exposed and allowing for some duplication by folding, it is possible that 
there is a greater thickness than that stated. 

The Rio Yauco shale is characterized by a high content of iron-bearing 
matter which on weathering has produced large areas of reddish and yel- 
lowish soil, and by its thin-bedded and laminated structure, blocky frac- 
ture, light weight and porous character. The color, as shown by micro- 
scopic examination, is due to the oxidation of iron-bearing minerals, 
chiefly pyrite. All surface outcrops show some shade of red or yellow, 
but the unweathered rock is a black shale, as seen in the recently opened 
quarry at kilometer 6.4-|-, May aguez-Con sumo-Mar icao road. At this 
locality the red material, as typically exposed around Mayaguez, can be 
traced downward into black, unweathered shale. The beds at this point 
dip with a steep angle, and the change from fresh, black rock through 
yellowish to reddish material is very striking and furnishes conclusive 
evidence of the origin of the latter. From a petrographic study of the 
red and dark-colored shales, Berkey (1915, p. 19) concluded that the 
former was a derivative of the latter through weathering, but he was 
unable to trace the change in the field, due to excessive soil covering. In 
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places, as much as 20 feet or more of reddiah and yellowish earth ooTen 
the outcrops, and it ia only in ttream beda and in recent excavations that 
one can find the fresh rock. Trails throng areas of this formation are 
steep and exceedingly slippery, especially during a tropical shower, and 
a journey over one of them during a storm is an experience long to be 
remembered. 

RiMlding and lamination are partially destroyed in the weathered rock, 
but are prominent features in the fresh, black materiaL The blocky frac- 
ture of the weathered shale was seen in some portions of all the outcrops 
examined. This feature is lost as the shale passes into soiL 

The li^rlit weight and porous character are due to leaching, which has 
accomplished weathering. Cavities are present in varying proportions, 
as S4'en in thin sections. In some instances these cavities have outlines 
suggesting foraminifera shells, but in others the shapes are more sug- 
gestive of some mineral fragment In no case could it be positively de- 
termined just what had been removed. 

The composition of the Rio Yauco shale is given in detail in the sec- 
tion on Petrology. In brief repetition, it may be stated that the most 
abundant constituent is a fine, dustlike aggregate of the nature of vol- 
canic (lust. In some of the coarser portions of the rock a few angular 
pieces of feldspar crystals and small lithic fragments are present. Other 
niiiurals idi'iitifiod an* pyrite (abundant), iron oxide and hydroxide, 
occurrin;: disscniinatod tlirougli the mass, and carbonate of lime, filling 
vi»iiiK'ts and irregular spaces, as seen in thin section. Hock of this class 
gradi's into and forms small lenslike bodies in tuflf. In a number of 
instances, as, for example, just to the south of San German, a patch of 
the characteristic reiUlish Rio Yauco shale can be fomid in the larger 
mass of tulf. Such occurrences have been mapped with'tlie tuff in order 
to reduce unnecessary complexities in areal geological representation. 

Irregular bodies of chert, in no instance of great extent, are found in 
these shales. A good example is on the point which forms the north side 
of Mayagucz Bay. The chert exposed here is strongly jointed and veined 
with quartz. It is extremely brittle and breaks with a very ragged 
fracture. • 

The bedded and laminated structure of the rock shows that it was 
deposited in water. The lack of any quantity of minerals which charac- 
terize typical sediments and the abundance of ashy matter indicate a 
volcanic source for the material. The presence of some foraminifera 
remains shows that conditions were favorable for the existence of these 
animals. The above facts support the conclusion that shale of this char- 
acter was formed in a region of volcanic activity where heavy showers of 
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ash were prevalent. Streams draining adjoining land areas of pyroelastic 
material would contribute to the supply of sediment. 

The structural relations of the San German limestone^ shales and tuff 
are those of a conformable interbedded series. Since the age of the San 
German limestone is Upper Cretaceous, the typical Rio Yauco shale, 
which carries this limestone as an interbedded member, is undoubtedly 
of the same geologic age. 

Fenuelas Shale. — Thin-bedded, finely laminated, bluish gray rocks, 
which were found on microscopic examination to contain a large propor- 
tion of foraminifera shells, are typically exposed along the military road 
from Ponce to Penuelas at kilometer 67.-|- (10.-|- by old numbers). 
Due to the fact that the lime content, represented chiefly by foraminiferal 
remains, is so much more prominent than in the shales just discussed, 
and also to the uncertainty of correlation of the different shale exposures 
in the district, it has been decided to treat under a separate group shales 
which have been found to be equivalent to those exposed at the locality 
noted above. It is possible that these more limy members are equivalent 
in part to the ashy shales, as represented by the Rio Yauco beds. The 
Pefiuelas shale was followed westward from the type locality at kilometer 
GT.+ to the vicinity south of Sabana Grande and San German. From 
this region it continues on to the west. Beds of similar character north 
of Ponce and farther to the east may belong to this formation, but the 
fault marking the boundary between the Tertiary and pre-Tertiary cuts 
off the beds and makes correlation uncertain. 

The thickness of this formation is best measured aloii<r the road to 
Lajas, south of San German. At this point beds aggregating 1000 feet 
are exposed, and this figure probably represents the maximum for the 
formation. 

The most distinguishing field characters of the rock are its perfect thin 
bedding and lamination, bluish gray color on fresh fracture, and yellow- 
ish surface where weathered; also, high lime content, which at first makes 
one think that the rock might more appropriately be designated a lime- 
stone. However, after studying the whole region and noting the variable 
composition of these shales and their lithological dissimilarity to the 
limestone, it is believed that to use the term limestone for such material 
would be confusing and in many cases inappropriate. In this paper, 
rocks of the character of the Penuelas shale will be spoken of as limy 
shale, to distinguish them from the ashy variety exemplified by the Rio 
Yauco beds. Typical Penuelas shale is high in lime content. The car- 
bonate occurs replacing the foraminifera shells and as a component of 
the groundmass. Other constituents are a fine, dustlike aggregate which 
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is not determinable microfloopically, and pyrite, which in some inatances 
shows perfect cubical crystalfl yisible in many hand specimens. No other 
minerals were identified in the extremely fine material which character- 
izes this formation. 

The strike ranges from northwest-southeast to east and west, with 
local flexures giving strikes beyond these limits. The dip is north or 
south, at angles ranging from 25^ to 80^. The contact with the tuff is 
not a sharp one, being obscured by excessive weathering and the inter- 
gradational habit of the formations. The relation to the San German 
limestone is also of a transitional nature. In many localities local bodies 
of tuff are present, but their extent is limited. 

The geological conditions under which shale of the Penuelas type was 
deposited varied somewhat from those influencing the formation of the 
Rio Yauco beds. These variations may have been of local nature only, 
since there is no evidence that any extended time interval or radical 
change in geological conditions existed between the formation of the Bio 
Yaueo or any other Cretaceous shale member. The presence of the San 
German limestone (Upper Cretaceous) as an interbedded deposit in the 
Rio Yauco beds in the northern area, and in the southern part overlain 
conformably l)y the Penuelas shale, suggests the equivalency of the 
IVfnioIas beds with tlie upper part, at least, of the Rio Yauco shale. The 
structural relations of the Penuelas shales to the San German limestone 
and (»tli(»r Cretaceous beds to the south are such as to place the former in 
tlic rpper Cretaceous. 

luisrnaJd Shale. — Tbe small hill just back of the steamer dock at 
Ensenada is made \\\) of limy shale containing microscopic fragments of 
radiolites and foraminifcra shells and specimens of Hemiaster berJceyi 
n. sf). Tbis rock forms the ridge to the south of the town and can be 
traced westward to the region just south of Melones Point, on the west 
coast. The* eastward continuation is cut off by the fault between the 
Tertiary and Cretaceous. Along its westward extension good exposures 
can be seen just nortb and also to the west of Parguera. Since the rela- 
tion of tills sbal(» to similar formations in the region is not clear, as will 
be pointed c>ut later, it is proposed to use a local designation, Ensenada 
sliale, for tbis rock so well exposed at Ensenada, on Guanica Bay. 

Tbe greatest thickness attained by this formation was estimated at 650 
feet, but places wore found where less than this amount was exposed. 
The section measured was at the type locality at Ensenada and probably 
represents tbe maximum thickness. 

Tbe stni(;tural habit of this rock is similar to that of the Peiiuelas 
shale, but the fine lamination is not so prominently developed and the 
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ffoJor of the fresh material has less of the bluish gray appearance, as seen 
in the rock at kilometer 67.0, on the Peiiuelas-Ponce road. Fragments 
of foraminifera shells are abundant and sections of Rctdiolites are identi- 
fiable. The rock is high in carbonate of lime, which replaces the organic 
remains, and is also strongly developed in the groundmass. Microscopic 
examination shows the presence of areas which were at one time volcanic 
glass and tuff fragments, but are now replaced by lime carbonate. 

The strike varies from north 60® west to east and west, with a local 
flexure at the point where the beds reach Guanica Bay. Toward the 
west, strikes south 85° west were read, but these were only for short dis- 
tances. The prevailing strike is nearer east and west. The dip is 42° 
south at Ensenada, and reaches as much as 85° south north of Parguera. 
The base of the formation grades into tuff, and the top into sandy, 
tuffaceous material. 

The Ensenada shale was probably deposited under conditions similar 
to those existing at the time the Penuelas beds were formed, though the 
lithologic character of the rock itself would suggest that the water was 
shallower. It is possible that this shale represents a nearer-shore portion 
of the Penuelas beds. Another interpretation, however, would be that 
the stratigraphic position of the Ensenada shale is higher than that of 
the Penuelas. Whatever the stratigraphic relation of the shale at Ense- 
nada may be to other shales in the district, the conditions existing at the 
time of their formation were not unlike those influencing the formation 
of such rocks as the Peiiuelas shale and similar deposits in the area. 
There seems little doubt that this shale was formed during the same 
geologic epoch as the rest of the "Older Series." The structural relations 
of the rock to those of Upper Cretaceous age and the presence of the 
Hemiaster herkeyi n. sp., whose affinities are with the Cretaceous, lead 
to the conclusion that this formation is also Upper Cretaceous. 

Limestone 

San German Limestone. — The areal extent of the San German lime- 
stone can best be seen by reference to the Geological Map. It will be 
noted that the formation has a general east-west trend in places and a 
northwest-southeast in others ; also, that the beds are not continuous, but 
pinch out. The most typical development of this rock is in the hills 
southwest of San German, and it is for this locality that the formation 
has been named. The high erosion scarp which forms the south wall of 
the San German-Cabo Rojo-Hormigueros Valley partially owes its exist- 
ence to steeply south-dipping beds of this rock. Exposures of this forma- 
tion are found at other points in the district, among which are : 
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(1) Just south of the railnwd bridge OTer the Susoa Biver, on the 
road to Guanica. 

(2) In the limestone quiny at Ttnssnada 

(3) At kilometers 31.8 and 84.7, on the Yauoo-Sabana Orande road. 

(4) On the Ponce- Adjuntas road at points shown on the Geological 
Map. 

The greatest thickness determined was 600 feet In places it pinches 
to nothing. The best section for measurement is the type locality south- 
west of San German. 

The rock in most cases is a massive, bluish gray, fine-grained Umestoney 
very brittle and showing on weathered surfaces the sieve-like structure of 
weathered cross-sections of RadiolUes, so aptly described by Berkey 
(1915, p. 1) as resembling a piece of loosely woven doth. In places the 
rock is filled with fragments of this fossiL Another fossil which was 
found in the beds southwest of San German, and also north of Yauco 
and Ponce, is Actceonella sp. Both the RadiolUes and AdasaneUa were 
identified by Dr. T. W. Stanton, of the United States Geological Survey^ 
who considers them as Upper Cretaceous. In some localities — ^for in- 
stance, at kilometer 14.5, on the Ponce-Adjuntas road — ^the rock is made 
up in large part of fragments of Badiolitei and ActtBonetta, which have 
given the material a shred-like character. This rock has been called 
"shrod'' limestone by Berkey. On many weathered surfaces the mesh 
fomi of weathered RadiolUes can be seen, and was the index by which the 
beds were traced across the district. The Actceonella sp., although occur- 
ring in many outcrops, was not foimd at all points. 

Typical exposures of this limestone are generally massive, exhibiting 
but little of the bedded character. In the massive material, jointing is 
prominent and weathering has progressed along joints and on the sur- 
face, producing a white lime soil resembling very much the powdered 
Tertiary limestone. This feature is very well shown in the quarry at 
Ensenada and along the road from the quarry to the "Central"; also on 
the south side of Yauco-Boqueron Valley. Weathering has also produced 
pitted surfaces on the exposed rock, the rounded depressions sometimes 
measuring over two inches in diameter. \VTien examined microscopically, 
the limestone was found to contain numerous fragments of RadiolUes 
and portions of foraminifera shells. Carbonate of lime makes up the 
remainder of the rock. At some localities, as, for example, along the 
Yauco-Lares road at kilometer 9.0, the limestone is involved in a crushed 
zone and has been intensely crushed and broken, inclosing fragments of 
igneous rock which are chiefly andesite. Other exposures where crushing 
has taken place are along the Ponce-Adjuntas road at kilometer 16.8 to 
16 9 and 18.7; also three miles northwest of Maricao. 
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During the period of formation of the San German limestone condi- 
tions were favorable for the abundant development of RadiolUes, which 
grew in reef-like colonies. The character of the rock indicates a decrease 
of volcanic activity in the region. The lens-like nature of the beds sug- 
gests local areas of deposition, and the structural relations of the beds to 
other formations points to a single period of deposition for all the beds 
of this limestone. The Upper Cretaceous age of the rock is determined 
by the presence of Badiolites sp. and Actceonella sp. 

Coama Tuff lAmestone, — The best development of the Coama tuff lime- 
stone in the Ponce District is in the section exposed along tlie east branch 
of the east fork of Jacaguas River, north of kilometer 113.0, Ponce- J nana 
Diaz-San Juan militarv road. The structural relation of this rock to the 
formation associated with it can be seen in cross-section (H. H^), Plate 
VI. A very good exposure of this limestone is along the Descalabrada 
River, at the crossing of the military road. 

The section along the east fork of Jacaguas River measures 250 feet 
and probably represents the greatest thickness of this formation. 

The Coama tuff limestone presents the most striking lithologic char- 
acters of any rock in the district. In typical specimens it is made up of 
angular fragments of white, grading to cream-colored limestone, mixed 
with igneous rock fragments, some of which measure two inches, but the 
greater number of much smaller size. The composition of these igneous 
fragments is chiefly andesitic, and their color when weathered is, as a 
rule, a chocolate hue, which, in contrast with the whitish limestone frag- 
ments, gives the mass a very unique appearance. In some specimens the 
limestone fragments are of a bluish gray color, resembling closely the 
typical San German formation. The beds exhibit little structure, being 
prevailingly massive in character. They grade into tuff below and shale 
above. In the section exposed in the Ponce District the beds stand nearly 
vertical and strike northwest-southeast; but on the Descalabrada River, 
just west of the area considered in this report, the formation has a gentle 
southward dip and is folded into a distinct monocline. 

The formation of this unusual lithologic type necessitates the breaking 
up of previously formed limestone and igneous rocks and subsequent 
deposition of the resulting fragmental material. Such conditions can be 
accounted for by volcanic activity in the form of outbursts through previ- 
ously formed rock, and the deposition of this broken material to give a 
new formation. 

The presence of Badiolites, together with the stratigraphic position of 
the strata, places this formation in the Upper Cretaceous. The true rela- 
tion of this rock to the San German limestone could not be determined 
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It rw probable tliat it is iii part equivalent to the tiaii German, but was 
depoailed under different conditione. 

Guat/abal Litneslotie. — The type locality for this furmation is the 
vteiiiity of Guayabal iteservoir iiorth of Juana Diaz, where the ruck makt^ 
up the conspicuous white hills to the east and wi^t of this point. Berkey 
ti-nttitively placeil this formation witJi the Coama tuff limestone, liut t.lie 
section exposed on the upper east fork of Jacaguas River shows the tx^pical 
Couiua tuff beds overlain by limy shale, upon which follows die Guayabal 
limestone. As stated in the diacuesion of the Coama luff limesl^jiiu. its 
strntiftraphic position lielow shale iiii?nlit'al with the Penuelas shalo and 
•m-o of ila>lioHlps in the limestone inilic-ate a cia-^e relationship 




n'cii till' Cnjiniii tuff limestone and the San German formation, but 
'ssitates dillereiit coiLditions of deposition. Since field relations show 
Coiima tnir limestone and tlie limestone at the Guayabal Reservoir 
to be e(|uivHlrnt. it is |iroi»osed here to use the term Guayabal lime- 
e fi>r the white, insissive rock developed in the vieinity of Guayabal 
■rvoir. -This I'urmalion eontinues southeastwjird in prominent devel- 
lent int. I the inijnininjr district studied l)y IIodKO (l!)2t)). To the 
. lieds <■( this dmnieter were traced northwestward for three to six 
■s. when they were found to pinch out. Whether or not they are de- 
ped ill the district to the north cannot be said. It is possible that 
r deveh.pnii'nt is Incal mid they will not be found in the area north 
lie Police Ilistrict. 
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The section on the upper east branch of Jacaguas River proved the 
best for determining the thickness, which measured 950 feet. 

Hand specimens of this limestone are a mottled cream color, with den- 
dritic manganese marking some of the rock. The material is massive and 
brittle, breaking easily under the hammer. In some exposures jointing 
is prominently developed, but this is not true of all the material. Bed- 
ding is rather obscure, but the true attitude of the formation can easily 
be determined from the structure of the underlying shale. A considerable 
quantity of f ragmen tal organic remains are present, including Radiolites 
and foraminifera. The beds strike north 50*" to 65*" west and dip south 
25*" to 35° on the north limb of the syncline, and stand nearly vertical 
on the south side of the fold. It is in this rock that the manganese north 
of Juana Diaz is found. 

Differential weathering has produced a characteristic fluting in por- 
tions of the outcrop. The narrow channels stand vertical and are some- 
times two inches wide and over three feet in length. In figure 3 a good 
illustration of this fluting in the white limestone is shown. Diller (1897) 
describes fluted limestone from Baird, Shasta County, California, of 
which he savs : 

This limestone is exposed in larjre masses, making a mountain ridjre alonp 
the McCloud River. At many points its surface bears peculiar small ridges 
and interveninjr dei>ressions. In the field it is evid€»nt that tlie little valleys 
are lines of drainage, and it may readily be concluded that they are a form 
of rain erosion due to the solvent action of the water running over the surface. 
An examination of many ridges and valleys discloses no difference in comiwsi- 
f.ion or structure to which the variation in surface form may be due. From 
the fact that the flutings are drainage lines, it appears that they may be re- 
ferred to the rilling of the water on the surface of the limestone. Where the 
water flows the solvent action is most intense, and a minute valley is formed 
by solution. This form of differential weathering is common upon limestone 
exposures, but is rarely so well developed as in the example from which speci- 
men 154 was collected. 

The fluted character of the Guayabal limestone is a very striking fea- 
ture where strongly developed and probably has the same origin as that 
described bv Diller. 

The noticeable absence of fragmental volcanic material would indicate 
a period of decreased vulcanicity. The presence of Radiolites places the 
limestone in the Upper Cretaceous. Its structural relation to the Coama 
tuff limestone, which is probably equivaletit to part of the San German 
formation, would place the Guayabal limestone in a higher position in 
the Upper Cretaceous. 
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Tertiary Sediments 
introducftory statement 

The Tertiary stnliments along the south coast of Porto Rico extend 
from a short distance bevond the southeastern section of the Ponce Dis- 
trict westward to Point Aguila, in the southwest comer of the island. 
They represent a former more extensive coastal plain series deposited 
upon and partially around an eroded central core of complex rocks. 
Whether or not these later sediments formerly extended across to the 
north coast cannot be determined, but the evidence is clear that thev once 
had a greater extent northward. Their stratigraphic relation to the Cre- 
taceous formations has been complicated by the fault which determines 
the northern limit of these rocks. However, other structural features are 
such as to show without doubt that the conditions were similar to those 
on the north coast, where the Tertiary rests with a marked unconformity 
upon the older formation. 

In general, the Tertiary formation is made up at tlie base of fossil- 
iferous, yellowish, niarlv material with occasional sandv la vers. This 
basal portion tirades into the yellowish and white, chalky limestone char- 
acterizing the upper portion. The highest strata contain fragmental 
masses of coral heads bedded in soft, ehalkv material. Some harder 
strata of pinkish semi-crystalline limestone, at times a foot or more in 
thickness, arc found in the higher, chalky portions. From its typical 
development in the region around Ponce, it is proposed to use the name 
of that city to designate this formation. 

PONCE FORMATION 

The Ponce formation is confined to remnants of variable extent along 
the southern border of the district. The largest area is northwest and 
west of Ponce, where the chalky limestone is best developed. To the east 
of Ponce, and underlying the Ponce-Juana Diaz Valley, is found the best 
exposure of the lower marly and shaly portion. The upper part of these 
lower beds is found at the fault contact just east of Yauco and at other 
points along the military road from Yauco to Ponce; also in the face of 
the hills just south of Yauco. 

The lowest beds are made uj) of yellowish, marly and shaly material in 
which sandy and more compact strata are developed. These harder layers 
are sometimes two feet or more thick and contain abundant foraminifera 
{Orbit oides manlcUi)^ which fossil also characterizes the more shaly and 
softer portion of the rock. Other fossils identified in the collection from 
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the lower beds include Laganum sp., Pecten sp., Fasciolaria sp., Cythara 
sp., Turritella halensi^, Turritella halensis var. alpha, Cardium sp., 
Asiarte sp., Cyprwa sp., Amphistegina lessoni (abundant), Ensis sp., leaf 
fragments and iisli teeth. Pieces of petrified wood are also present and 
coal is reported to occur in these beds, but none was found. Besides the 
sandy portions, there are thin layers of fine gravel in which shell frag- 
ments are plentiful. Some of the sandy layers are filled with broken 
shells and foraminifera, especially the forms Amphistegina lesaoni and 
Orbitoides manteUi, The lower beds pass disconformably into the upper 
yellowish, chalky limestone so well exposed in the hills around Ponce. 
This material is characterized by its yellowish white color and chalky 
nature. It contains numerous casts of Lucina sp., Area sp., Bulla sp., 
and other forms. In structure it is generally massive, but hard, thin, 
yellowish strata are prominent in some localities and are valuable in de- 
termining the structural habit. The chalky material continues to the top 
of the formation, which, if anything, becomes more chalky. The upper- 
most beds are well exposed along the coast from Culebrinas Point to 
Guanica Bay. At Culebrinas Point the rook contains abundant spocimeus 
of Clypeaster rosacetis, together w^ith other forms of Oligocone age. 

The basal portion of the Ponce formation was deposited in compara- 
tivelv shallow water near shore, as shown bv the sandv character of the 
strata, together with the abundance of broken fossil fragments and re- 
mains of plants. The distribution suggests a broad embayment whose 
eastern limit was located approximately a short distance east of Juana 
Diaz and whose western extent was in the vicinity of Yauoo, though 
faulting has made it impossible to determine the exact extent of these 
lower beds. How far north this embayment reached is not certain, but, 
judging from the lithologic character of the rock and structural features, 
it was certainly more extensive than at present. 

The present width of the island on a north-south line through Juana 
Diaz is approximately 34 miles. The distance between the Tertiary of 
the north and south coast along this line is about 18 miles and the eleva- 
tion of the highest point nearly 3600 feet. Considering the fact that the 
central mountain mass was much lower at the beginning of the Tertiary 
period, as shown by the peneplane developed on the north side, it would 
appear that the lower beds of the Tertiary must have been laid down 
much to the north and south of their present boundaries, on the two sides 
of Porto Rico at about its central portion. The conditions influencing 
the deposition of these lower beds changed to those under which the 
chalky material was formed. In this later period more quiet and deeper 
water prevailed, with a continuance of these conditions through the Oligo- 
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cene at least, as no record of farther deposition is found until the San 
Juan formation (Pleistocene) is reached. The question as to how ex- 
tensive the upper beds were is also unsolved. They surely reached farther 
north, but whether or not they covered the island cannot be determined 
from any evidence thus far secured. The fact that there is a difference 
in the Tertiary fauna of the north and south coast, as far as can be told 
from the fossils already identified, is a fact to be considered in this con- 
nection. Further detailed studies of the fauna from the north and south 
coasts may prove or disprove a former connection. 

The lowest beds, as exposed along the Jacaguas River northwest of 
Juana Diaz, are characterized by abundant Orbiioides fnantelli. They 
are forms which establish the Oligocene age of the Ponce formation, with 
the basal portion of Lower Oligocene (Vicksburg age) and the higher 
part representing Upper Oligocene (Chipola). 

Quaternary Deposits 

san juan formation 

The San Juan formation, first identified and named-by Berkjey (1915, 
p. 11), is found at Cape Kojo Lighthouse, in the southwest corner of the 
district. At this locality it caps the eminence upon which the lighthouse 
stands. 

The HM-k at Cape Hojo has the same ^^t'neral characters as that of ma- 
terial in San J nan Point. .Eolian cross-i)edding is present and the 
ronn<liMl irrains of carlxaiate of lime which make up the bulk of the for- 
mation arc plainly visihlt* in han<l siK»cimens. A conglomerate bed three 
feet thiirk. nia<le up chieily of pebhles of Cretaceous rocks, is found rest- 
ing on the San Juan at tin? edge of the clilf south of the lighthouse. This 
ib a feature not seen at San Juan. The relation of the San Juan to the 
Ponce formation is unconformable. Details of the petrographic character 
of this rock, which is one of the most interesting types found in the dis- 
trict, will be discussed under Petrology. 

The unconfornial)le relation of the San Juan to the underlying Ter- 
tiary limestone. a> shown in the cliff at Cape Rojo, necessitates a period 
of erosion at th(» close of the Tertiary sutlicient to bevel the underlying 
beds. Just how much erosion has taken place is not known, since the 
latest Tertiary record in the district is Upper Oligocene, and there is no 
t»vidence that Miocene or Pliocene strata were ever deposited. 

The presence of aeolian cross-bedding indicates a dune origin. The 
capping of conglomerate made up of well-rounded pebbles and the pres- 
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ence of Conus sp., which resembles Conus portoricanus, show that the 
San Juan was at one time below sea-level. The age of this formation has 
been placed as Pleistocene (Berke}', 1915, p. 12). The fossil content and 
situation of the beds at Cape Kojo support this conclusion. 

ALLUVIUM 

Alluvial material can be found along all streams and mantles the 
greater part of the broad lowlands near the coast. The low coastal regions 
known as playas are coated with deposits of this nature to a depth of 2b 
feet or more. 

Deposits of this type are composed of material ranging from boulders 
two feet and over in diameter to the finest silt. An examination of the 
gravel shows representatives of the range of rocks in the Cretaceous for- 
mations, and in some deposits nodules of Tertiary limestone are present. 

That some of this material was deposited when the land stood at a 
lower level is shown by the presence of interstratified, recent marine 
fossils in the surface layers of the playas and river floodplaiiis and in 
elevated estuarine sediments. It may be noted that the alluvial material 
can be grouped under two general heads : 

( 1 ) Elevated estuarine gravels, mud and silt, occurring along the 
present river valleys. 

(2) Deposits of the same character, covering the present river flood- 
plains and playas and being augmented by each successive flooding. The 
first miglit better be correlated with the San Juan formation, while the 
latter wouhl represent tlie more recent deposits. 

loxEous Rocks 

For purposes of mapping, the igneous rocks have been divided into 
diorite, andesite, diabase, and augite porphyrite. The occurrences of 
quartz diorite are too small to be shown areally on the geologic map. 
This is also true of the trachy-andesite. However, due to the petro- 
graphic interest of these rocks, they have been discussed in detail under 
Petrology, where will also be found a more extended discussion of the 
igneous rocks. 

All of the igneous rocks in the area have an intrusive relation to the 
Cretaceous sediments and occur as dikes, sills and irregular masses. The 
largest intrusive is represented by peridotite altered to serpentine in the 
region north of Sabana Grande. The dikes and sills range from thin 
gheet-like bodies to masses 50 feet or more in thickness and are all con- 
fined to the Cretaceous formations. In no instance were intrusives found 
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catting the Tertiary rocks. The general elongation of the intnMm^ 
bodies along the strike of the pie-Tertiary beds is a noticeable f eatora. 

T 

Metaxorphio Books 

anaxorphics 

The auamorphics, including gametiferons limestone^ epidote rock, and 
garnet rock, are typical contact metainorphic effects prodnced by igneiwia 
intrusions in limestone. The extent of these rocks is limited to amaD 
zones. They are of particular interest in connection with the HWHociatsi 
iron deposit on the upper Portugues Biver. 'Further details of 
rocks will be found in the section on Petrology. 

KATAXOBPHIC BOCK 

The original peridotite from which the serpentine has been derived 
intruded into the tuff and shale of the pre-Tertiary series. This intm- 
sive relation is clearly shown in the area north of Sabana Grande, idian 
small beds of tuff are found inclosed in the serpentine. At other pointi^ 
aS; for example, southeast of Mayaguez, the serpentine cuts acroas and 
lies along the bedding in the ashy shale, thus placing the age of this rode 
as later than the deposition of the Upper Cretaceous and before the for- 
mation of the Tertiary, namely, in late Cretaceous time. In all proba- 
bility tlie intrusion of the original peridotite was an accompaniment of 
the folding which deformed the pre-Tertiary beds. 

STRUCTURE 

Introductory Statement 

On the basis of structure, the Ponce District is readily divided into 
two secjtions — a northern, more extensive area, made up of stron^y 
folded CVetaceous rocks, and a southern border of Tertiary and later 
formations. The structural habits of these two sections arc so strikingly 
different that one cannot help being impressed by the fact. The marked 
degree of folding which has affected the Cretaceous rocks, in places 
throwing them into closely folded, steeply dipping beds, is not to be found 
in the Tertiary formations. 

In an attempt to unravel the structure of the different beds, seven main 
traverses were made across the area from north to south, along lines which 
gave promise of the best results. One shorter, north-south, section was 
studied in detail, and the formations between the main traverses were 
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traced east and west. In thie way it was possible to tocatfl all field units 
of any consequence, and work out in some detail the structural relations 
of the diSerent beds. The making of such traverses in this region is no 
easy taak. The rank growth of tropical vegetation and the ruggednesa 
of the country, combined with excessive weathering of rock exposures, 
make geological work exceedingly arduous. One factor, however, which 
facilitated the work was the presence of numerous trails and roads along 
which it was possible to secure data which probably could not have been 
acquired otherwise. Many streams afforded sections which helped in de- 
termining structural relations. The data collected along the traverses, 
which in all cases were necessarily sinuous, have been projectt>d to straight 
lines, as represented in the cross-sections. 



Folding 

L.iTK CRKrACKOrs FOI.DIKG 

The strong foldinj; of the Cretaceous formations is the most striking 
structural feature of i)ic area occupied by these rocks. The dynamic 
forces involved have produced rather closely folded, steeply dipping, and 




in cases overturned strata, which in some instances are accompanied by 
thrust faulting. Dips of 90° were recorded, but the prevailing angles of 
inclination are usiially between 45° and 75°, In the southern part of 
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this northern area the beds are generally overturned to the northeast, but 
on reaching the summit of the main range, along the northern border of 
the district, the steeper slopes are more often on the southwest side. This 
would indicate thrusting from the southwest and northeast. The broader 
features of these foldings are shown on the cross-sections, Plates V and 
VI. The general strike of the beds is northwest-southeast in the northern 
half of the area, with a change to east-west along the southern border, as 
seen in the region around and west of Ensenada. Variations between 
these directions are due to local flexures or mark the ends of pitching 
folds, as is well shown by the shales along the Yauco-Lares road north of 
Yauco. The section exposed along this road affords the best illustration 
of folding in the Cretaceous rocks. Here is foimd an almost continuous 
section, involving shale, tuff, limestone and igneous intrusives whose 
structural habit is shown in figure 4. Other localities where the structure 
of the Cretaceous rocks is clearly shown are : 

(1) On the road from San German to Lajas. 

(2) Along the Ponce- Ad juntas road. 

(3) Peiiuelas-Ponce road, especially in the vicinity of kilometer 67.0. 

(4) In the region around and west of Ensenada. 

(5) South and west of Cabo Rojo. 

(6) North of Peiiuelas. 

(7) Xorth of kilometer 114.0, on the Ponce- Juana Diaz-San Juan 
militarv road. 

(8) On the upper Bucana River, northeast of Ponce. 

In addition to the larger foldings, there are innumerable smaller 
crumplings, which are not shown in the cross-sections. Examples of local 
distortion can best be seen in the shale along the Jayuya road, at kilo- 
meter 3.0 and vicinity; also at kilometer 22.7, on the Ponce- Adjuntas 
road. 

The presence of such marked folding necessitates the action of moun- 
tain-building forces comparable in part to those which have affected re- 
gions like the Appalachian Mountains. While the forces which deformed 
the Cretaceous of Porto Rico have not been active over so long a period 
as is attributed to those which folded the Appalachians, still the two 
regions, from a structural standpoint, have features in common. It does 
not seem possible to attribute the folding of the Cretaceous formations 
of Porto Ric<) to igneous intrusions, although such an hypothesis has been 
advanced. 

FOLDING OF TERTIARY 

The Tertiary limestone and marl comprising the Ponce formation have 
been folded to the extent of producing low anticlinal deformation, which 
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this northern area the beds are generally overturned to the northeast, but 
on reaching the summit of the main range, along the northern border of 
the district, the steeper slopes are more often on the southwest side. This 
would indicate thrusting from the southwest and northeast The broader 
features of these foldings are shown on the cross-sections^ Plates V and 
YI. The general strike of the beds is northwest-southeast in the northern 
half of the area, with a change to east-west along the southern border, as 
seen in the region around and west of Ensenada. Variations between 
these directions are due to local flexures or mark the ends of pitching 
folds, as is well shown by the shales along the Yauco-Lares road north of 
Yauco. The section exposed along this road affords the best illustration 
of folding in the Cretaceous rocks. Here is found an almost continuous 
section, involving shale, tuff, limestone and igneous intrusives whose 
structural habit is shown in figure 4. Other localities where the structure 
of the Cretaceous rocks is clearly shown are : 

(1) On tlic road from San German to Lajas. 

(2) Along the Ponce-Adjuntas road. 

(3) Peiiuelas-Ponce road, especially in the vicinity of kilometer 67.0. 

(4) In the region around and west of Ensenada. 

(5) South and west of Cabo Rojo. 

(6) North of Penuelas. 

(7) Xorth of kilometer 114.0, on the Ponce- Juana Diaz-San Juan 
military road. 

(8) On the upper Bucana River, northeast of Ponce. 

In addition to the larger foldings, there are innumerable smaller 
crumplings, which are not shown in the cross-sections. Examples of local 
distortion can best be seen in the shale along the Jayuya road, at kilo- 
meter 3.0 and vicinity; also at kilometer 22.7, on the Ponce-Adjuntas 
road. 

The presence of such marked folding necessitates the action of moun- 
tain-building forces comparable in part to those which have affected re- 
gions like the Appalachian Mountains. While the forces which deformed 
the Cretaceous of Porto Rico have not been active over so long a period 
as is attributed to those which folded the Appalachians, still the two 
regions, from a structural standpoint, have features in common. It does 
not se(.'m possil)le to attribute the folding of the Cretaceous formations 
of Porto Ricv^ to igneous intnisions, although such an hypothesis has been 
advanced. 

FOLDING OF TEUTIAKY 

The Tertiary limestone and marl comprising the Ponce formation have 
been folded to the extent of producing low anticlinal deformation, which 
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in places pitches with low angles to east and west. How extensive this 
folding has been cannot be determined^ because the fault which marks 
the boundary between the Tertiary and Cretaceous rocks cuts out the 
lower part of the Tertiary beds, and thus conceals their structural habit. 
That folding has taken place is clearly shown in the section (H. H^, 
Plate VI) along the Jacaguas River, north and south of the Ponce-Juana 
Diaz road crossing. At this point anticlinal structure of the formation 
is present, with the crest of the fold just north of the Jacaguas River 
bridge. The north limb of the fold dips with an angle of 15° to 10** into 
the fault bounded on the north by the tuff. On the south side of this 
anticline the beds are exposed in the prominent erosion cliff plainly vis- 
ible to the southwest from the Jacaguas River crossing. Here the strata 
dip from 35° to 10° southward; the steeper dips are in the face of the 
cliff, and become more gentle nortJi and south of this point. This is the 
only locality where such pronounced dips in the Tertiary rocks occur. In 
general, the inclination is from 10° to 20° southward, the steeper angles 
being read on strata near the fault zone, and are due in part to dragging 
up of the beds by faulting. Besides this folding, with axes trending ap- 
proximately east and west, there are broad, shallow deformations which 
have nearly north-south axes. This latter folding was determined by 
tracing the marl and limestone beds from east to west. 

The Tertiary formation shows none of the minor crumpling so char- 
acteristic of the pre-Tertiary. The absence of structural contortions 
comparable to those in the Cretaceous l)eds clearly indicates a period of 
diastrophic movement much inferior to that which affected the older 
rocks. 

Faulting 

in cretaceous rocks 

By far the greater number of faults in the Cretaceous rocks are of the 
normal class, although, in some instances, as along the Jayuya road, at 
kilometer 3.0, the shales have been overturned, accompanied by thrust 
faulting. Other evidence of faulting in the form of crushed zones was 
seen in many localities (Fig. 5) ; for example, at kilometer 9.0, Yauco- 
Lares road, where limestone, tuff and igneous rocks are involved in the 
crushing, and on the Ponce- Ad juntas road, at kilometer 17.0 and 16.8-}-, 
where the limestone is extremely crushed and broken, due to faulting. 
Other localities are in the region north of Peiiuelas; along the main 
drainage divide west of Adjuntas; northwest of Villalba; southwest of 
San German; north of Hormigueros, and at many other places too nu- 
merous to list here. In the majority of ca.ses examined no great displace- 
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cnielii'd and slickeiisided condition of the rock, as well as by physio- 
graphic fi'iitures. Ill the section C, C, the break has taken place along 
tlie contact of ser]>entiiie and shale. The amount of movement in either 
ease could not be determined. In both cases the physiographic expression 
supports structural evidence of faulting. 



LATE TERTIAIty 

The most pronounced fault in the district is the one marking the con- 
tact of the Tertiary limestone and marl on the south, with the Cretaceous 
formations on the north. Berkey (1915, p. 39) was the first to call atten- 
tion to this structural feature, and he says: 

The moBt prominent fuult, In its effect upon present features, Is tlie one now 
marking the Inner margin of the younger series of chalkj" limestones and 
shales constituting the coastal belt along the south side of the Island from 
Juana Dinx past Ponce a short distance to the uorth, crossing the Ponce- 
Aricebo road at K-4.8, and thence westward, crossing the Ponee-PefiuelaB road 
at K-10. This Is the onlj large fault actoally obserred that is necessarily of 
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recent age, although a few others are inferred. It most be of very late Ter- 
tiary age, because the chalky Ponce beds are abruptly cut off by it The older 
rocks of the pre-Tertiary are lifted with respect to the younger series, forming 
the present coastal margin wherever this fault has been seen. It has been 
traced by us from Juana Diaz to the vicinity of Pefiuelas, a distance of about 
12 miles. What becomes of it at either end is not yet determined, but it is 
believed to extend much farther in both directions. 

Further evidence secured by the writer during field studies in this dis- 
trict substantiates the conclusion reached by Berkey and has also made 
possible the tracing of this structural feature to a greater distance east 
and west. The additional evidence relating to this question has been 
secured at a number of localities, extending from the vicinity of Juana 
Diaz to a point five miles east of Point Melones, on the west coast. The 
most eastern locality where faulting is clearly shown is on the Jacaguas 
Biver, northwest of Juana Diaz. The structural relations of the Tertiary 
marly limestone to the Cretaceous tuff are shown in cross-section H. H^, 
Plate VI. It will be noted that the folded Tertiary beds have been 
dropped down against the upraised tuff. If these Tertiary beds were 
raised sufficiently to allow them to lap over the eroded surface of the 
Cretaceous formations, which they must have done before their displace- 
ment, then we would find that the movement down the steeply inclined 
dip slope of the fault plane was at least 900 feet. However, the base of 
the Tertiary is not exposed ; so the exact amount of movement which has 
taken place cannot be measured. The contact between the marly beds 
and the tuff is represented by a crushed zone over 50 feet wide, in which 
tuff and marly material are mixed with surface wash. The evidence of 
faultint; to the east of this point is concealed by the alluvial cover; but, 
judging from the position of the Tertiary and Cretaceous beds and the 
presence of crushed zones, the fault is believed to cross the Ponce-Juana 
Diaz-San Juan military road in the vicinity of kilometer 112.0 and con- 
tinue southeastward beyond the limits of the district. Going westward 
from the Jacaguas River, the fault can be traced to the Ponce-Adjuntas 
road where it crossed at kilometer 4.8. Here the Tertiary chalky lime- 
stone is separated from the tuff by a crushed zone over 100 feet wide. 
The Tertiary beds are dragged up so that they dip 20° south near the 
fault and flatten out to 12° and 10° a short distance southward. Con- 
tinuing westward to the west fork of Can as River, the same relations as 
seen on the Ponce-Adjuntas road are found. 

The next locality to be considered is kilometer 67.0 (10.0 by old num- 
bers), on the Ponce-Pefiuelas road. The structural relations of the Cre- 
taceous shales and Tertiary limestone are shown in cross-section F. F^. 
The folded shales have been raised so as to cut out the lower Tertiary 
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beds and bring the chalky limestone in contact with the Cretaceous rodcB. 
This contact is also marked by crushing, and the Tertiary beds are ahaxply 
turned up against the older rocks. From this point the fault passes south 
of the military road, and the next locality where the evidence is dear is 
just south of kilometer 48.0, on the Yauco-Penuelas road, east of Tanca 
At this locality the marly beds just below the chalky limestone are turned 
up against the Cretaceous rocks, with a narrow zone of crushed material 
lying l>etween. 

Passing farther west^ the line of faulting runs north of the base of the 
Tertiary limestone and marly material forming the hills just south of 
Yaucu. Ilore structural relations are concealed by the alluvium of the 
valley ; but farther west, in the region of the San Qerman limestone ouC- 
crop, at the east end of the railroad bridge over the Susua River, the 
faulted relations are again conclusive. At this point, which is three- 
fourths of a mile southeast of the railroad bridge, the white, chalky Ter- 
tiary formation is sharply dragged up against the San German beds. 
The crushed zone, which is approximately 20 feet wide, is filled with 
powdered Tertiary limestone and fragments of the San German. South 
of the contact, chalky Tertiary limestone assumes a normal dip of 10**, 
which is the average inclination maintained to the south coast Three 
miles farther southwest the same relations can be seen. Here the San 
G'ernian limestone and the Tertiary chalky beds are again involved in the 
displacement. Krom this point the line passes southwest to Ensenada, 
where the Tertiary and Cretaceous are brought in contact. The relations 
here are l)est seen on the south side of the ridge of Cretaceous shales south 
of Ensenada. By following westward along the south face of the ridge, 
the ehalky limestone is found to approach the older shales where the 
form(»r is upturned against the steeply dipping Cretaceous. The dip of 
the Tertiary south of the contact is 8° to 12° south. The narrow crushed 
zone })etween the formations is filled with powdered, chalky limestone, 
fragments of shale, and surface wash. 

In structural section B. B^ the same relations as seen west of Ensenada 
are found to be present. The sharply upturned Tertiary limestone abuts 
against the Cretaceous shale, with a narrow zone of crushing between. 
Westward, heyond this point, the break has been traced to the playa of 
Ca})e Rojo, where it passes beneath the red sand deposit which covers 
that low coastal area. 

In conclusion, the evidence as shown by the structure sections clearly 
indicates faulting between the Tertiary and Cretaceous rocks. The 
Jacaguas Hiver section affords the only opportunity for measurements 
of the displacement: but, as already noted, the exact amount of movement 
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cannot be determined and is probably much greater than the figure given. 
The age of this disturbance was at least late Tertiary, since the upper 
Oligocene beds are involved in the movement. The total displacement is 
the sum of a number of slippings at intervals throughout the later Ter- 
tiary. That the region may still be subject to further structural defor- 
mation is indicated by the rather strong earthquakes which were felt 
during the month of August Besides the structural evidence already 
presented, the physiographic habit of the island, as pointed out by Berkey, 
supports the view of faulting with uplift of the island as a whole, along 
the southern side, and tilting of the block to the northeast. The presence 
of the fault along the southerly margin of the island has been questioned 
by Dr. A. K. liobeck. After a study of the physiography of Porto Rico, 
he has concluded that the evidence of faulting can be attributed to sink- 
hole formation along or near the contact of the Tertiary and Cretaceous 
rocks. The abnormal dips of the beds near the fault he attributes to 
drag, produced by caving action accompanying the sink-hole formation. 
Such a "sink-hole hypothesis" seems incapable of explaining the struc- 
tural features involved. 

PETROLOGY 

Introductory Statement 

The purpose of this chapter is to summarize the petrographic details 
of a selected set of typical rocks from the area investigated. The material 
chosen includes sedimentary and igneous representatives, most of which 
are of sufficient field extent to be shown on the geologic map of the dis- 
trict. Some contact metamorphics are also described, but are not differ- 
entiated from formations of which they are only an altered portion. 

Igneous Intrusive Rocks 
quartz diorite 

Rocks of this type are well exposed at kilometer 23.4, on the Ponce- 
Adjimtas-Aricebo road, and where seen occur as an intrusive in the form 
of dikes or small bosses. Hand specimens of the quartz diorite are char- 
acterized by medium-grained texture and the presence of hornblende and 
feldspar, giving a greenish gray color on fresh fracture. Upon weather- 
ing, a whitish, sandy soil is produced, in which a few quartz grains can 
be identified. 

The leading primary essential mineral in this rock is plagioclase, with 
hornblende next in prominence. The feldspar ranges from oligoclase to 
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labradorite, andeone being the moit ebimdaiit The homUende is of the 
pele-f^reen pleochioic Tftriety, oecmring in lectangnlar plates and irrog- 
nlar broken crystab. Qnarti la intentitial and contains many dust-like 
inclusions and gas bubbles. The texture is that of a medimn-giained, 
crystalline rock. The primaxy aoe o ssory minerals^ in the order of their 
abundance, are: titanite, orthodase, magnetite^ ilmenite and apatite. 
Alteration has taken place in the minerals to a considerable d^gree^ the 
feldspars and hornblende having been moat alEected. The former have 
given rise to a sericitic aggrq^ate which marks the central portions as well 
as the borders of the crystals. A saussuritic complex, in which epidote is 
the prominent constituent, occupies portions of the labradorite ctystals. 
The change in hornblende has resulted in the formation of chbrite, which 
in some instances is peiminite. Titanite has remained unchanged, while 
the ilmenite has in places passed to leuooxene. Magnetite has given rise 
to limonitic iron, which in places stains the sections yellowish. The effect 
on orthoclase has beei^ similar to that on the more add plagioclase. 
Quartz is practically unaffected and contains many stout littie "apatites 
in perfect condition. 

DIOBITB 

Typical diorite is found at several points in the district, the best ex- 
posures being at kilometer 23.9, Ponce- Adjuntas-Arecibo road; four miles 
up the Portugues River from Ponce, and at kilometer 29.5, Ponce- 
Ad juntas- A recibo road, just north of the Ponce District. The forms in 
which these rocks occur are the same as those of the quartz diorite. The 
diorites, however, are much more extensive and represent a type closely 
relat(Ml to the rock just described. In the field, diorite is marked by a 
medium to coarse texture, in which feldspar and hornblende are the chief 
minerals. The greenish black hornblende is more strongly developed in 
some localities — for example, on the Portugues River — ^while at kilometer 
23.9, Ponce-Arecibo road, feldspar with porphyritic habit is the promi- 
nent mineral. 

In thin sections the rocks of this group prove to be normal diorites, 
consisting of plagioclase (andesine and labradorite) and hornblende as 
primary essential minerals, with a few crystals of oligoclase present. The 
accessory constituents are ilmenite, titanite, pyrite, pyroxene, magnetite, 
apatite and biotite. The texture ranges from medium to coarse and in 
places tends toward ophitic. In a specimen from kilometer 23.9, Ponce- 
Arecibo road, large crystals of hornblende not only act as 'Tiosf ' for the 
metallics, but inclose numerous large plagioclase crystals, producing a 
beautiful ophitic structure. In many instances the plagioclase shows 
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zonal banding, with the successive zones becoming more acid from the 
center outward. Among the most prominent products of alteration are 
chlorite, sericite and leucoxene, the chlorite developing frojn the horn- 
blende and pyroxene and the sericite from the feldspars. Leucoxene is 
seen filling zones of decomposition along the crystallographic directions 
of the ilmenite — a feature characteristic of these two mineral associa- 
tions. Epidote is present as an alteration of hornblende, and pyrite has 
been changed along the crystal borders to limonite. A small amount of 
lime carbonate was noted as coming from the hornblende. 

TRAOHY-ANDESITE 

A specimen collected from kilometer 22.2, Ponce-Adjuntas road, 
proved upon microscopic examination to be a trachy-andesite. Although 
the areal extent of this type will not permit its differentiation from 
andesite proper on the geologic map, it is thought best, for the sake of 
completeness of the petrograpliic series, to describe it. At the above 
locality this rock occurs as a small dike and is probably related to the 
larger dioritic mass which occurs in close proximity. In the field, this 
rock was classed as an andesite, for its true character is only seen in thin 
sections. What is true of the andesites as to field characteristics holds 
also for this rock. 

The interesting; feature of this specimen is the prominence of ortho- 
clase in a rock which otherwise satisfies the requirements of a hornblende 
andesite. Oligoclase and andesine are both present, the former being the 
more abundant. Hornblende of both the light brown and the uralitic 
varieties is plentiful, the former appearing as basal sections in which the 
cleavage is well shown, and uralite in more rectangular plates, closely 
associated with secondary epidote. Orthoclase occurs interstitially as 
well as in the groundmass, while the plagioclases are arranged in such a 
manner as to simulate diabasic structure. Magnetite is the chief primary 
accessory mineral, with apatite and pyrite the only other representatives 
present. Alteration of hornblende has given rise to epidote and a few 
patches of lime carbonate closely associated with the epidote. An earthy 
substance having the appearance of kaolin occupies portions of the feld- 
spars. Magnetite shows practically no alteration. , 

HORNBLENDE ANDESITE 

A typical exposure of this rock is found at the north end of Guayabal 
reservoir, on the road to Villalba. At this localitv the andesite is in the 
form of a small dike cutting the tuff. The megascopic characteristics of 
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this rock are its greenish white color and the very fine-grained ground- 
mass, in which are set a few feldspar and homhlende phenocryata. In 
the field the material looked exceedingly fresh, bat thin sections sihow 
that alteration of the minerals has progressed to a marked degree. 

Although the rock is badly altered, there is still enough left of the 
primary minerals to determine its original character. Andesine and 
labradorite, together with hornblende phenocrysts, are set in a dense, 
fine-grained groundmass made up chiefly of small plagiodase crystals. 
As accessories, a few oligodase, pyroxene, magnetite and apatite crystals 
are seen ; the' oligoclase and pjrroxene being interstitial, while the magne- 
tite occurs chiefly as inclusions in the hornblende. Some grains of mag- 
netite, together with apatite, are distributed throughout the groundmass. 
The alteration of the feldspars has produced an aggregate of sericite 
which in places incloses carbonate. Hornblende has altered chiefly to 
chlorite and carbonate, with some epidote. Apatite is unaffected. 

AUGITE ANDESITE 

The following localities will serve as representatives of this rock type : 
Just north of the limestone quarry at Ensenada, ^'Guanica Centnl"; 
one mile west of ^'Guanica Central" ; on the east line of the district, two 
miles north of the Ponce-Santa Isabel road; kilometer 64.2, Ponce- 
Peiiuolas road; the southeast end of Guayabal reservoir; at kilometer 8.1, 
Mayaguez-Las Vegas road ; and on the west branch of the Canas River, 
nortli of the Ponce-Mayaguez road. Augite andesite generally occurs as 
sills or slieets in the shales and tuffs. In some instances, as, for example, 
in the tuffs, it is hard to determine the relation, as bedding in this rock 
is not clearly shown and jointing is so perfect that it might easily be 
confused with bedding. As seen in the field, rocks of this class vary in 
color and in their tendency toward porphyritic texture. Specimens one 
mile west of Ensenada and at the east end of Guayabal reservoir are 
porphyritic and have a reddish hue, due to the presence of more iron 
oxide (readily seen in thin sections), while the specimen at the east end 
of the district, north of kilometer 17.0, Ponce-Santa Isabel road, is dark 
greenish and shows a stronger porphyritic habit. In all occurrences, 
pyroxene crystals are visible as phenocrysts, but feldspar cannot always 
be recognized. 

The mineralogy of this rock is that of a normal pyroxene andesite, 
consisting of plagioclase (andesine, labradorite) and augite as primary 
essential minerals. The feldspars occur both as phenocrysts and in the 
groundmass and are marked in many cases by zonal structure. Inter- 
growths of one feldspar in another are also seen in parts of the thin sec- 
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tions. Augite is developed mainly as idiomorphic crystals with basal 
and longitudinal sections visible. The minor primary minerals are mag- 
netite, ilmenite and hornblende, the latter being very sparingly repre- 
sented. The texture varies in some localities, as, for example, just north 
of the limestone quarry at Ensenada, where there is not the porphyritic 
habit that is seen in the rock just west of Ensenada. In the former the 
feldspars have a stubby habit and the contrast between phenocrysts and 
groundmass is not at all pronounced, while in the latter case the typical 
porphyritic habit of the andesites is well shown, with feldspars and augite 
as phenocrysts. The common alteration products are chlorite and iron 
hydroxide. An example of the former is very well seen in a specimen 
procured at kilometer 64.2, Ponce-Penuelas road, where the chlorite is 
developed from augite, which occurs both in the groundmass and in 
phenocrysts. Iron hydroxide is developed chiefly from magnetite. Seri- 
cite is present as a result of the decomposition of feldspar. Carbonate 
has been developed both in feldspar and augite. Some of the lime car- 
bonate, however, clearly shows an introduction origin. A small amount 
of epidote is closely associated with chlorite developed from the pyroxene. 
Leucoxene is seen to come from ilmenite, which in some slides is rather 
generously distributed. Native copper, associated with amygdules in a 
pyroxene andesite, was found on the west branch of the Canas River, just 
north of the fault between the Tertiary and Cretaceous. 

DIABASE 

(iood exposures of diabase are found at the following points: Kilo- 
meter 22.5, Ponce-Adjuntas-Arecibo road; kilometer 3.2, Yauco-Lares 
road; and kilometer 2.3, Mayaguez-Las Vegas road. Dikes and sills of 
diabase are not an uncommon feature in the tuff and shale of the Older 
Series. The above-mentioned localities are a few of the occurrences 
noted in the field. In size these intrusives vary from small stringers to 
masses 50 feet or more across, as, for example, the exposure at kilometer 
3.2, Yauco-Lares road. The most prominent feature of the hand speci- 
mens of diabase is the texture, which ranges from rather coarse diabasic 
at kilometer 3.2, Yauco-Lares road, to very fine in the rock at kilometer 
22.5, Ponce-Adjuntas road. The coarser varieties have a grayish green 
color, while the finer-grained ones are a dark greenish shade. Outcrops 
weather to a muddy yellow color, and the soil derived from such material 
is of a darker hue. 

The essential primary minerals of this rock are plagioclase feldspar, 
of the labradorite and andesine varieties, and augite. The feldspars are 
arranged in characteristic diabasic fashion, with the augite filling the 
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spaces between. This structare U veil seen in the rock from kilomete] 
8.3, Maysguez-Los Vegaa road. In other inatances the diabaaic fabric 
although present, is not so prominent a feature. Of the primary acceaa 
ories, magnetite and ilmenite deaerve firat mention. The proportion oi 
these minerals varies. In the sample from kilometer 2.3, Mayagoei-Lai 
Vegas road, ilmenite is much in ezcesa of magnetite, while in the othei 
specimens magnetite appeara in greater quantities. Apatite in needle 
like crvBtals and stubby croes-sectious ia also present Alteration hai 




roj-ulti'il i[i the proiluction of chlorite from the pyroxene, a feature well 
shown liy tlio rock from kilometer 22.5, Ponce-Adjuntaa road, Serieiti- 
zatiun uT the fehlspar has advanced in some cafies to such a degree as tc 
<:oniplet<.'ly replace tlie original eryatal. Leucoxene developed from 
ilmenite and iron oxide from magnetite complete the list of alteration 
product-s. In the material from the Mayaguez-Ijas Vegas road, lime car- 
bonate is present in veinleta cutting the other minerals, showing it* 
introduction from outside sources. 
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AUGITE PORPHYRITE 

Although porphyritic habit in rocks of the Ponce District is not un- 
common, two instances of that type of texture are such striking examples 
of porphyrite that it is thought best to give them more prominent men- 
tion than they might otherwise deserve. The two occurrences are at 
kilometer 8.6, Mayaguez-Consumo road, and two miles north of kilometer 
15.0, on the proposed extension of the Yauco-Lares road. In both locali- 
ties the augite porphyrite occurs as dikes in the pre-Tertiary shale and 
tuff. On the Yauco-Lares road the intrusion is much larger than the 
one on the Mayaguez-Consumo caraterra, being over 75 feet across. This 
rock is readily identified in the field by the presence of the large, well- 
formed pyroxene crystals set in the dark greenish, fine-grained ground- 
mass. The specimen from the Mayaguez-Consumo road is of a lighter 
greenish color and the augite crystals are not so conspicuous. 

The most striking pctrographic feature of this rock is the porphyritic 
habit of augite. These large pyroxenes, showing marked zoning, are set 
in a fine groundmass composed of feldspars and partially decomposed 
ferro-niagnesians. Oligoelase and andesine are present, both in the 
irroundmass and as phenocrysts, with the former more strongly developed 
in the groundmass. Some glassy matter is also present. Magnetite is 
prominent as inclusions in tlie pyroxene and feldspar and as small parti- 
cles scattered through the finer portion of the thin section. Alteration 
has progressed farther than would be suspected by an examination of 
hand specimens. Chlorite is the chief result of this alteration, and has 
developed from feldspars and ferro-magnesians in the groundmass and 
from the phenocrysts of these minerals. Cavities which were originally 
filled with other mineral matter are now occupied by chlorite. Magnetite 
is partially changed to iron oxide, which has stained portions of the 
groundmass. 

Pyroclastics 

TUFFS 

From many specimens of tuff a set has been selected for microscopic 
study, which covers the lithologic range of this class of rock. The dis- 
tribution of the samples chosen is such as to permit comparison in differ- 
ent sections of the district. The thin sections include specimens from the 
following localities: Kilometer 3.9, Mayaguez-San German road; kilo- 
meter 19.8, Ponce- Ad juntas road; at the intersection of Ponce- Adjuntas 
and Jayuya roads ; kilometer 13.7, Ponce- Ad juntas road ; kilometer 14.9, 
Ponce-Adjuntas road ; kilometer 12.8, Ponce- Adjuntas road ; Guaniquilla 
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Point ; one-quarter of a mile sontfaweii; of Lajaa; on Jacagoas Biver when 
the road to Villaba makes first croeaing; kihmieter 31.1, Yanoo-Mayagne 
road ; kilometer 11.3, Ponoe-Adjuntaa road ; just west of Ensenada ; nortl 
three-quarters of a mile from kilometer 72.3, Ponoe-Pefiuelaa road; \ 
miles northeast of llaricao; and on the divide ten miles east of Maricao 
In all the above localities the tuff occurs as massive, faintly bedded ma 
terial varying greatly in thickness and attitude. On the whole, the tuf 
shows evidence of f ragmental habit, the included rock fragments bein| 
plainly visible. However, in some exposures the rock is thoroughly in- 
durated and does not show evidence of its pyrodastic origin. The coIo] 
varies from greenish to reddish tints, with shades of yellow and white 
It is found on microscopic examination that the oobrs are due chiefly tc 
the prominence of different secondaiy mineral products, the reddist 
varieties being richer in iron oxide, the green in epidote, and the whitisl 
in decomposed feldspar. 
The petrographic features of the tuff may be summarized as follows : 

(1) The composition is predominantly andesitic, with trachytic 
basaltic and glassy varieties present. 

(2) Fragmental habit characterizes all the slides, although this feature 
is more strongly developed in some instances than in others. The frag- 
meirts show wide range in size, varying from pieces plainly visible in 
hand specimens to those of microscopic dimensions. Jagged outlines ol 
crystal and rock fragments are characteristic features. 

(3) The matrix in which the fragments are set generally contains a 
quantity of ashy matter, which packs in around the fragments, forming 
a compact mass. 

(4) Many of the individual crystals, as, for example, feldspars and 
ferro-magnesians, occur as broken fragments. 

(5) Included fragments showing spherulitic habit are sometimes 
present. 

(6) Secondar}^ mineral products, including calcite, chlorite and epi- 
dote, are strongly developed; the calcite and epidote favoring the feld- 
spars and the chlorite favoring the ferro-magnesians. Where calcite is 
strongly developed, epidote shows a decrease. All of these minerals also 
show introduction, especially the calcite and epidote 

(7) Magnetite is abundant in some slides and shows alteration to 
hematite and limonite. 

(8) The geologic history of this group of rocks, as far as can be ascer- 
tained from the study of thin sections, suggests the following steps : 

(a) Accumulations of volcanic ejectamenta on land surfaces, with 
marginal portions of these deposits reworked by water. This marginal 
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reworking accounts for the tTidely stratified portions in which the frag- 
ments show more or less rounding. 

(b) Induration involving carbonitization, chloritization and epidoti- 
zation, which binds some of the rock into a hard, resistive mass. 

(c) Fracturing and introduction of carbonate, epidote and chlorite. 

(d) Weathering, producing iron oxides and hydroxides. 

Sedimentary Bocks 

SHALE 

Specimens from the following localities have been chosen as typical 
representatives of the range of rock included here under the general head 
of shale : 

(1) Kilometer 5.(5, Mayaguez-Consumo-Maricao road. 

(2) Kilometer 3.7, Mayaguez-Consumo-Maricao road. 

(3) Ijapeiia Point, north side of Mayaguez Bay. 

(4) Kilometer ().+? Mayaguez-San German road, 
(o) Kilometer 14.6, Yauco-Lares road. 

(()) Kilometer 20.5, Ponce-Adjuntas road. 

(7) Kilometer 22.7, Ponce-Adjuntas road. 

(8) Kilometer 1.1, Jayuya road, 
(i)) Kilometer 1.1, Jayuya road. 

(10) Kilometer 21.0, Ponce-Adjuntas road. 

(11) InterstK.'tion of Ponce-Adjuntas and Jayuya road. 

(12) Kilometer 1G.6, Ponce-Adjuntas road. 

(13) East bank Jacaguas River, two miles south of Villalba. 

(14) One and three-fourths miles south of San German, on road to 
Lajas. 

(15) One-fourth mile south of San German, on road to Lajas. 

(16) Kilometer 7.2, Yauco-Lares road. 

(17) Kilometer 111.9, Ponce-Juana Diaz-San Juan road. 

(18) One mile north of kilometer 114.0, Ponce-Juana Diaz-San Juan 
road. 

(19) One mile northeast of manganese deposit northeast of Juana 

Diaz. 

* 

(20) Kilometer 112.1, Ponce-Juana Diaz-San Juan road. 

(21) One mile northeast of manganese deposit northeast of Juana 
Diaz. 

The most evident field characters of the shale are the bedded and 
laminated structure and the color. The former is by far the more con- 
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stant and has an importaat bearing on the solution of structural relations 
of the pre-Tertiary formations. The colors exhibited by this class of 
material have a wide range, including red, bluish gray, black, yellowish 
and green, with gradation between these colors. Although the color is 
the first feature which attracts one's attention in the field, especially in 
the case of the reddish varieties, it must be borne in mind that the colors 
are the result of alteration and, as will be shown in the petrographic 
discussion, arc dependent upon the decomposition of certain minerals. 

The petrography of the shales in the Ponce District may be sum- 
marized as follows : 

(1) On the basis of composition a general division can be made into 
those high in carbonate of lime and those high in ashy matter. The lime 
content is present in the remains of foraminifera shells and as finely dis- 
seminated carbonate. When the ashy content is predominant, forami- 
nifera are scarce or entirely absent, and the rock in thin section has the 
appearance of fine volcanic dust with angular crystals distributed through 
it. Numbers 1, 2, 3, 4, 6, 9, 10, 11, 12, 16, 17, 19, 20 and 21 are typical 
ashy shales. Numbers 5, 8, 13, 14 and 16 represent characteristic limy 
shale. There are gradations between these two extremes, as shown by 
numbers 7 and 18. 

(2) When crystal fragments are large enough to be identified, they 
are found to be feldspar. 

(,'3) Glass fragments are present in the more ashy shales. 

(4) Pvrite, crystalline and massive, is plentiful in numbers 1, 2, 4, 5, 
6, 9, 10, 11, 12, 13, 16, 17, 19 and 21. 

(5) Magnetite occurs in some slides, but not so extensively as pyrite. 

(6) In number 2 an inclusion of coarser-grained material shows lithic 
fragments of andesite. 

(7) The foraminiferal content varies in amount, but is greatest in 
specimens of the dark bluish gray, strongly bedded rock. A list of the 
identifiable foraminifera in the different specimens of shale will be given 
in the paleontological section. 

(8) Finely laminated structure is present in numbers 2, 8, 11, 12, 13, 
14, 17 and 18. This feature is plainly visible in hand specimens. 

(9) The chief alteration has been the oxidation of the iron-bearing 
minerals, chiefly pyrite. The color of the red and yellowish shale is due 
to finely distributed earthy hematite and limonite respectively. Leu- 
coxene is present as finely disseminated specks. 

(10) The greenish rock, well exposed at kilometers 19.6 and 15.8, 
Ponce-Adjuntas road, derives its color from the presence of abundant 
chlorite. 
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(11) Introduced veinlets of carbonates, chiefly calcite, are prominent 
in numbers 5 and 14. Many slides show micro faults and fractures. 

(12) Cavities left by the removal of mineral matter characterize num- 
bers 1, 3, 6 and 9. These specimens represent the more highly altered 
and porous rock. 

CHEKT 

The two samples of chert chosen for thin sections are from Lepena 
Point, on the north side of Mayaguez Bay, and kilometer 6.+, Mayaguez- 
San German road. At both localities the chert occurs as small, irregular 
masses in shale and tuff. Hand specimens are grayish to red, with weath- 
ered surfaces colored whitish. Some dark red and green chert was found 
in the vicinity of Villalba. The rock is massive and is traversed by 
numerous veinlets of quartz. 

In thin sections, the rock presents the exceedingly fine-grained 
quartzose make-up characteristic of that class of material. In some cases 
the quartz is large enough to be determined optically. Many veinlets of 
quartz traverse the sections. Pyrite is prominent and hematite in a few 
grains is identified. Oxidation has produced limonitic substances from 
the pyrite. This yellowish material is distributed through the rock. 
Crushing has developed weaknesses which have been filled with quartz 
veins. A search for radiolaria was made, but none was found in the 
sections. 

SAN JUAN FORMATION 

As seen in thin section, the rock is made up chiefly of lime carbonate 
in more or less rounded grains and irregular masses, through which are 
distributed angular quartz grains. Feldspar crystals are identified, but 
are not a prominent constituent of the rock. One crystal of tourmaline 
was noted. The angularity of the quartz and feldspar crystals is a notice- 
able feature and shows that the material has not been subject to much 
wearing action of stream or wind. The quartz and feldspar, together 
with the tourmaline, which were in all probability derived from the near- 
by Cretaceous rocks, have been subjected to very little wear before their 
incorporation in the lime sand. The carbonate of lime is of two types : 

(1) Hounded grains. 

(2) Crystalline and massive carbonate, filling in around the other 
minerals. This carbonate of the latter type is responsible for the binding 
together of the mass. 
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MraiitoBPHio Books 

OOMTAOT XBTlltORFHICB 

Oamet Rock. — ^The gftrnet nx^ deicribod here !• located at the iroi 
prospect of St. T. Blasini, about four mileB north of Ponoe, on fh 
Portugues River. This rock oocars as a contact phase of limestone whid 
has been cut by an intmuye dike. The stroctoral relation of the rotk 
involved are discnsaed in another section, nnder Magnetite. The mos 
noticeable feature of this rock in the field is the knot-like aggrq;ate o! 
reddish brown garnet set in a light greenish, fine-grained mass which i 
cut by calcite veinlets. Chalcopyrite and pyrite are present in appredabl 
amounts. 

Pale yellowish brown garnet, determined to be grossularite, makes u] 
approximately 90 per cent of the thin secti(»a. The garnet is cut b] 
numerous fractures filled with introduced mineral matter and secondan 
alteration products. Among the other constituents, named in the ordei 
of their abundance, are lime carbonate, quartz, chlorite, epidote sni 
sulphides. Carbonate, quartz, chlorite and sulphide have been intro- 
duced, while epidote is derived from garnet. The order in which the 
introduced minerals have come in overlaps. All have entered the rocli 
at approximately the same time with the sulphides, slightly in advance 
of the others. Carbonate has continued as the last introduction product 
with (|uartz and chlorite following in the order named. The time rela- 
tions of these introduced minerals is clearlv shown in the veinlets which 
cut tlie garnet. The sulphides, chalcopyrite and pyrite fill fractures and 
veinlets in the garnet and are also included in the carbonate. 

The chief interest in this rock and the other two, about to be described 
under the contact metamorphics, is in their relation to the magnetite. 
A mineral group association which characterizes this rock and which 
might serve as one example of the result of contact metamorphism oi 
limestone is the following: garnet, calcite, quartz, chlorite, chalcopyrite 
and pyrite. 

Garnetiferous Limestone, — This rock is from the same locality as the 
garnet rock. The garnetiferous limestone is a contact metamorphic phase 
of the San German limestone, which at this locality occurs interbedded 
in th(^ Cretaceous tuff and shale. Fresh material of this class is com- 
posed of closely packed calcite and dolomite crystals, with numerous red- 
dish brown garnets dotting the mass. Pyrite cubes and massive chalco- 
pyrite, which shows the iridescent tarnish, are present. 

Calcite and dolomite crystals, packed together so closely that crystal 
outlines have merged one into the other, are the chief constituents of this 
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rock. Calcite is much in excess of dolomite and has the crossed-twin 
lamellae well developed. Pyrite cubes and massive chalcopyrite are in- 
cluded in the carbonate and also lie at the junction of several of the cal- 
cite and dolomite grains. The garnet is the pale yellowish brown variety, 
grossularite, in which are quartz and chlorite crystals. Minute dust-like 
inclusions are common in the carbonates. The rock is very fresh; the 
sulphides show but little alteration. 

Epidote Rock. — The epidote nxSk is also from the Senor Blasini pros- 
pect, on the Portugues River. It occurs as a contact phase of limestone 
and an igneous intrusion. The nondescript appearance of this rock 
hardly suggests the beautiful development of epidote which is shown in 
the thin sections. Veinlets of epidote cutting the dark crystalline mass 
are the most noticeable feature in hand specimens. Dark brown garnet 
has a very slight development and a few sulphides can be identified. 

In thin sections epidote and quartz are seen to he the chief minerals 
present. The time relation of these minerals is practically the same. 
Both act as "host" and "guest." Where *Tiost," the minerals occupy 
large, irregular patches; and where "guest," they are present as small 
inclusions. Actinolite is identified as inclusions both in quartz and epi- 
dote. Patches of lime carbonate with chalcopyrite and pyrito inclusions 
are identified. The sulphides have been slightly attacked by weathering, 
hut otherwise the rock is quite fresh. The mineral association is epidote, 
quartz, actinolite, calcite, chalcopyrite and pyrite. 

KATAMORPHIC ROCK 

Serpentine. — The distribution of serpentine rock can be seen on the 
Geologic ^lap. Its most extensive development is in the region north of 
Sabana Grande and southeast of Mayaguez. Specimens chosen for micro- 
scopic examination are from one-quarter of a mile south of the Reform 
School, southwest of Mayaguez ; north of Sabana Grande five miles ; from 
kilometer 41.7, Yauco-Mayaguez road. At the first and last locality men- 
tioned this rock occurs in the form of dikes, but in the region north of 
Sabana Grande it takes the shape of a large, irregularly outlined intrusive 
mass in the Cretaceous formations. The exposures of serpentine are most 
frequently dark green to nearly black, with light shades of green charac- 
teristic of the more altered material. Some exposures are coated with a 
whitish alteration product, while in other instances iron stains the out- 
crop yellowish or reddish. The only minerals recognizable in hand speci- 
mens are pyroxenes and chrysotile, the latter forming small veinlets 
cutting the mass, and the former as phenocrysts, best seen on freshly 
broken surfaces. More thoroughly serpen tinized exposures have a char- 
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acteristic oily appettranoe and soapy feding. In fhe specimens south of 
the Beform School, pyroiene crystals have weathered in relief, giving 
the surface a rough appearance. Much of the rock is strongly jointed 
and sheared and slumps where exposed in steep banks. 

Microscopic examination shows the serpentine to be derived from peri- 
dotite. Enstatite and olivine are the most abmnUnt primary minerals^ 
the former occurring generally as laigOy lath*ehaped crystals showing 
varying stages of alteration to serpentine, and the olivine is distributed 
as individuals among the pyroxene and as inclusions in the enstatite. 
Besidual cores of olivine in serpentine are prominent in portions of the 
slides. Bronzite and diopside are present as scattered individuals. Oli- 
vine is more abundant in the rock north of Sabana Grande and south of 
the Beform SchooL Magnetite and chremite are plentiful, much of the 
magnetite being secondary after olivine. Alteration has produce^ anti- 
gorite and chrysotile frcmi the olivine. Cores of olivine surrounded by 
serpentine characterize sections where this mineral is present. At times 
only the outline of the former olivine crystal remains, the center having 
been filled with a serpentinous product Yeinlets of chrysotile cut por- 
tions of the slides. The decomposition of olivine gives rise to magnetite, 
which in turn has furnished the iron oxide and hydroxide which appear 
as stainings. Enstatite has been changed to bastite, which replaces entire 
crystals of the former. In other instances the attack has progressed only 
80 far as to produce a change on the border and along lines of weakness 
in the pyroxene. The lamellar structure of the enstatite is inherited by 
the bastite, giving a structure easily distinguished from the core-like 
pattern of the decomposed olivine. 

PALEONTOLOGY 

Introductory Statement 

The paleontological material collected during the survey of the Ponce 
District lends itself to the following general classification : 

(1) Post-Tertiary fossils found in elevated gravel, sand and silt of 
former embayments; shells on the elevated wave-cut terraces along the 
coast and in the surface layers of playas. 

(2) Fossils from the Tertiary limestone and marl along the south 
coast. 

(3) A few forms of upper Cretaceous age from the limestone and limy 
shale of the Older Series of Berkey. 

In this report one new species and one variety are listed. The paleon^ 
tological publications in the bibliography contain descriptions and illus- 
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trations of the other species here identified. The post-Tertiary fossils, 
all of living species, are found in perfect state of preservation. Details 
as to location and occurrence of these forms have been given under the 
discussion of terraces. The Tertiary formation has yielded a variety of 
forms with representatives from the lower and upper Oligocene. In the 
discussion of the lithology of these beds reference has been made to the 
distribution of the fossils and the lithologic character of the rock in which 
they are found. Upper Cretaceous Rctdiolites sp., Actosonella sp. and 
Hemiaster berkeyi n. sp. have been identified from the formations making 
up the older rocks in the district. The first two forms have been deter- 
mined by Dr. T. W. Stanton, of the United States Geological Survey, 
and the Hemiaster berkeyi by Dr. B. T. Jackson. Details of the forma- 
tions in which these forms occur have been discussed heretofore. 

Post-Tertiary Fossils 

Post-Tertiary fossils were found in the elevated terrace gravel, sand 
and silt and in the estuarine deposits on the floodplains of some of the 
rivers along the south and west coasts. The list of forms identified are : 

Conus sp. like Conus portoricantcs, 

Strombus pugilis, 

Lucina jamaicensis, 

Luciaa tigrina. 

Area tuberculosa, 

Byssoarca ziebra, 

Murex elongatus. 

Area rhomb ea, 

Turriiella imbricata, 

Fecten nucleus, 

Venus cancellata, 

Ostrea sp., 

Strombus accipitrinua, 

Fissurella nodosa. 

Turbo pica, 

Manidna sp., 

Cerrithium litteratum, 

Ptema sp. 

Tertiary Fossils 

The Tertiary fossils from the Ponce formation have been identified as 
forms belonging to the Oligocene. The following is a list of those de- 
termined : 

Clypeaster rosaceus, Lamark (Fig. 7), 
Pecfen sp.. 
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I'hacviilrs cp,, 

atrombu* 8p., 

Bulla Hp., 

Trrfda incrasaata, Gsbb, 

-Irrfl sp., ("iT'T^B 







Orbilolifes complanala, Lainark, 

Nummuliies sp,, 

4rca ap., 

Cardivm sp., 

Fecten ckipolanus, DaJl, 

£nM8 sp., 

Fecten ap., 

vl mpA«/v(/tna Zesaont, d'Orbigoy, 

Crypraa sp.. 
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NcUica eip.y 

Amauropsis sp,, 

Astarie sp.^ 

Cardium sp.^ 

Turritella halensis, Dall, 

Turritella halensis alpha, new var., 

Cythara sp., 

Fasciolaria sp., 

Pecten sp., 

Laganum sp., 

Orhitoides mantelli, Morton, 

Leaf fragments. 

A new variety of Turritella halensis var. alpha has been found, asso- 
ciated with T. halensis. Its variation from halensis is given below in the 
description of the form. 

Turritella halensis var. alpha 

This form differs from T. halensis in having the secondar}^ spirals less 
prominent and also by the lesser prominence of the primary spirals on 
the main surface of the whorl. Only the upper two spirals are strongly 
developed, the third one being very weak, thus giving a distinction to that 
portion of the whorl. The low^r two spirals are pronounced and become 
confluent into a nearly uniform ridge on the later whorls. The beading 
is well marked on the upper two spirals, but obsolete on the others. There 
may be a slight change in the surface of the shell, due to solution ; but 
the general characters could not have been affected to the extent shown. 

Loraliti/. — Jacaguas River, northeast of Ponce; occurs in the marly 
beds above the Orhitoides mantelli. 

Cretaceous Fossils 

The following fossils have been collected from the San German lime- 
stone Radiolites sp. (Upper Cretaceous) and Actceonella sp. (Upper Cre- 
taceous). The Radiolites sp. is abundant in large and small fragments. 
It can be easilv identified on weathered surfaces bv the mesh-like struc- 
ture produced by weathering of transverse sections. The Actceonella sp., 
together with the Radiolites sp., serves as an index of these limestones. 

From the Cretaceous shale and limestone the following forammifera 
have been identified : 

^1) Shale just south of Melones Point. These beds are the westward 
extension of the shale at Ensenada, which carries Ilemiaster berkeyi. 
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Textularui sp., 

i'uJtitnuIina sp., 

Glohigerina crelacfa, d'Orbigny, 

Orbulina univerm, d'Orbigny, 

Globi'ferina hulloides, d'Orbigny, 




(2) Guayabal Hr 
of Juaria Diaz. 



stone, one mile east of the manganese deposit uor 



Glohii/crina sp. 

Much frngnicnial foramiiiifera not identifiable. 

(3) Ensenada shale. 

A large amount of fraginental foraminifera. 

The description of the new speeies of Hcmiasfer (Fig, 8) found in th 
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shale has been furnished by Dr. E. T. Jackson, who states that its afiSn- 
ities are with the Cretaceous. His description follows : 

Test large, cordlform, high, subconieal, rounded below, from the highest 
point of the test dorsally sloping anteriorly, jwsteriorly and laterally to the 
ambitus. Ambulacra petalold, wide, in deep broad furrows. The anterior 
ambulacrum TIT Is narrower than the others and ires In a shallow furrow 
which reaches to the ambitus. Ambulacra II and IV, the anterior pair, are 
widely divergent at an angle of about 95° to each other and are in grooves 
which extend nearly to the ambitus. They measure 30 millimeters in length. 
The posterior bmbulacra I and V lie in grooves and are narrower and much 
shorter than the anterior pair, measuring about 18 millimeters in length. The 
pores in the paired ambulacra are at the ends of narrow slit-like grooves. The 
interambulacra are narrow and elevated dorsally. The apical disc is very 
close to median in position, perhaps actually median, but from imperfections 
posteriorly exact measurement in the antero-i)osterior axis cannot be made. 
The apical disc is quite well preserved and shows the four genital plates with 
large perforations; the madreporite is of medium size, meeting but not sepa- 
rating the other genitals. Oculars I and V are in contact on account of the 
absence of genital V, as is characteristic of the genus. From imperfections 
the peristome and perisproct are not preserved. Small perforate tubules with 
subtubules are scattered over the test, somewhat distantly, and small granules 
thickly cover the spaces between the larger tubules. The specimen measures 
40 millimeters in height, and this is a close approximation to the real height, 
though, if not worn ventrally, it would be slightly higher. It measures about 
65 millimeters in length and 65 millimeters in width. The specimen is very 
much larger than any other fossil species found in the West Indies. It differs 
also in its shape from any known North American species. 

At the request of the collector, Mr. Graham John Mitchell, this species is 
named in honor of Prof. Charles P. Berkey. of Ck>lumbia University. 

GEOLOGIC HISTORY 

Introductory Statement 

In an historical summary of the geology of Porto Rico, Berkoy (1915, 
p. 60) noted the following steps: 

(1) A long geologic period of volcanic activity, accompanied by marginal 
attempts at as.sorting of fragmental and detrltal material of organic accumu- 
lations, disturbed from time to time by renewed or extended igneoas activity. 

(2) A dying out of volcanic energy, greater stability of the mass with re- 
spect to elevation and subsidence, and erosional attack continued long enough 
to result in extended planation and partial baseleveling, with final extensive 
submergence. 

(3) The development of an unconformable overlying series of shales, reef 
limestone and related deposits, chiefly of organic origin, brought to an end by 
final re-emergence. 
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(4) The deirrioimiCDt.af pwwit saifut fMtavM under etreem eroeloii and 
marine marginal attaic^ with modUoatloiia arlaing ftom oactnation of leifd. 



These, with a few additioiUy are eaeentially the events in geological 
history of the Ponce Dietrict, a snmmary of irtiich is given below. 

C'SBTACBOUB BoCK DxroBITIOK 

The oldest geological record in the Ponce District is represented by a 
series of interbedded toff, shale and limestone beds which comprise the 
Cretaceous formation. These rocks represent a period of volcanic activity 
in the form of explosive eruptions, with periods of lesser activi^ marirad 
by the development of limestone and foraminiferal shales. Tb? greater 
part of the tuff was deposited. upon land with the sea encroaching upon 
the borders of this material and reworking areas to form shale. Heavy 
showers of srolcanic dust contributed to the supply of material for the 
shales found interbedded in the tuff. That there were intervals during 
this volcanic period when organisms jcould exist in abundance is shown 
by the Radiolites sp., which formed reef-like mssscs, now represented by 
the interbedded San German and Ouayabal limestone. Foraminiferal 
shales also accumulated in these less-disturbed intervals. In some in- 
stances previously formed rocks were broken up by the eruptions and 
redeposited to form such rock as the Coama tuff limestone. The Guayabal 
limestone represents a period of limestone formation higher than the San 
German anrl Coama tuff limestones, but in the same geological epochs 
namely. Tapper Cretaceous. The latest Cretaceous record, as shown by 
the rock in the district, is that of renewed volcanic acti>ity with the 
formation of tuff. 

Defobmation and Intbusion 

Toward the close of the Cretaceous the region was subjected to dynamic 
disturbances which resulted in a pronounced folding of the formations. 
Accompanying this folding came the igneous intrusions of diorite, ande- 
site, diabase, j)eridotite, etc. It has not been possible, from the date 
secured, to work out the sequence of these intrusions. Their effect has 
been to produce baking, which is exhibited by the shale, and to form 
mineral deposits, as, for example, the magnetite on the Portugues River. 

Erosion of Cretaceous 

Toward the close of the Cretaceous there was uplift of the region, fol- 
lowed l)y a i>eriod of erosion long enough to wear down the exposed rocks 
to a pai-tial plain, designated as the Eocene peneplain (Berkey, 1915, p. 
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41). This old surface is probably represented in the Ponce District by 
the mesas southeast of Mayaguez. 

Tebtiary Sediicentation 

The next event of which there is a record is found in the deposition of 
lower Oligocene shaly and marly limestones. The base of the Tertiary in 
the Ponce District has been obliterated by faulting, which has also de- 
stroyed the normal relations of the Tertiary and Cretaceous beds. How- 
ever, as stated elsewhere in this report, the marked unconformity existing 
on the north side of the island betufeen the formations of these two geo- 
logic epochs was also undoubtedly present on the south side. 

The lowest Tertiary is represented by the rocks exposed along the 
Jacaguas River northwest of Juana Diaz. The sandy character of the 
marly and shaly limestone and the presence of many fragmental fossils 
and plant remains indicate shallow-water deposition. The change from 
this near-shore type of deposition to somewhat deeper water is indicated 
by the passage of these lower beds up into the chalky limestone of the 
upper Ponce formation. The waters in which these higher beds were laid 
down were much quieter and freer from sand and mud. Toward the top 
of the Oligocene (Upper Oligocene) the conditions became suitable for 
coral growth, as is indicated by the masses of coral heads imbedded in the 
chalky limestone. Whether or not Tertiary beds higher than the Upper 
Oligocene were deposited in the district cannot be determined, as the next 
record of deposition above the Oligocene is in the San Juan formation of 
Pleistocene age. 

Deformation and Uplift of Tertiary 

Toward the close of Tertiary deposition the region was again uplifted, 
accompanied by dynamic disturbances which produced gentle folds whose 
axes trend north-south and east-west. The fault between these rocks and 
the Cretaceous probably started its first movement at that time and 
reached its present amount of displacement before the close of the period 
of erosion which followed. 

Erosion of Tertiary 

The next event was the dissection of the Tertiarv Coastal Plain and 
stripping of these deposits from much of thfe area formerly covered. The 
Complex Mountain Province thus uncovered or still exposed continued 
to undergo erosion and to contribute to the supply of waste which is now 
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partially represented by the playa deposits. The larger valleys-— for ex- 
ample, Guanajibo and Yauco-Boqueron — ^were cut during this period. 

Submergence with Makinb Tereace-cutting and Fokkation of 

San Juan Formation 

The submergence which followed the main Tertiary erosion allowed the 
sea to extend up the river valleys, where it laid down gravel, sand and 
silt and formed the present elevated estuarine deposits. It was during 
this period that the highest marginal terraces were cut. The highest 
recorded terrace is approximately 200 feet, but the amount of submer- 
gence may have been somewhat greater than that. During this submer- 
gence the fossilifcrous San Juan dime sand was consolidated and a con- 
glomerate consisting chiefly of pebbles derived from the Cretaceous rocks 
was deposited upon it. 

Emergence 

From that time the movement appears to have been one of periodic 
uplift, finally reaching the present land-level. These uplifts resulted in 
the terracing both of the estuarine and inland floodplain deposits and in 
the cutting of the lower terrace levels on the formations along the south 
and west coasts. 

ECONOMIC GEOLOGY 

General Statement 

The metallic mineral deposits in the Ponce District are confined to the 
Cretaceous rocks. The mc^st extensive deposit is the limonitic iron, which 
is associated with serpentine rock. Manganese is the next in extent and 
is confined to the Guayabal limestone north of Juana Diaz. Magnetite 
is found along the upper Portugues River north of Ponce, where it has 
been formed nlonc^ the contact between limestone and an igneous intru- 
sive. Xo deposit of copper was found, although greenish stained andesite 
in which small particles of native copper are present outcrops north of 
kilometer T2.-f-, Ponce- Penuelas road. 

Among the material classed as non-metallics are salt, building stone, 
road-met4il, cement material and petroleum. In the following pages all 
of the above resources are treated in as much detail as the individual eases 
seem to warrant. 

Maxgaxkse 

The only locality in the district where a deposit of manganese was 
found is north of Juana Diaz, where it occurs in the Guavabal limestone. 
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The property is owned by a company of which Deputy United States 
Marshal George Trautmau^ of Ponce, is the local representative. Several 
pits have been opened and a quantity of ore extracted. The method of 
working is as follows: The good ore is removed from the pits by means 
of pick and shovel. It is then sorted by hand, sacked and carried by pack- 
train to the military road, a distance of about three miles, where ox-carts 
transport it to the Ponce Playa for shipment. 

The ore occurs as irregular-shaped masses along crushed and jointed 
zones in the Guayabal limestone. The size of the pits from which ore has 
been removed averages about 20 feet wide and 30 feet deep. The ore 
minerals are psilomelane and pyrolusite. The former is the more abun- 
dant and has the characteristic botryoidal form. It also occurs in layers 
with the pyrolusite, which shows short, indistinct crystals. Much of the 
manganese is massive black psilomelane, some of which is carried down 
the hillside by surface water, leaving a black trail behind. Calcite, crys- 
talline and in banded form, is intermixed with the manganese. 

The manganese owes its origin to secondary processes. The mode of 
occurrence or the oxides eliminates the possibility of a primary origin of 
these minerals in the limestone. The presence of the ore in pocket-like 
bodies of no great extent laterally or in depth and the location of such 
bodies in crushed and jointed zones indicate a concentration of the oxides 
by surface waters moving through these channels in the limestone. Such 
fracture zones would offer an easy course to manganese-bearing solutions. 
The original source of the manganese is not entirely evident. A micro- 
scopic study of the limestone oountrv rock disclosed no primary manga- 
nese minerals or other minerals from which the oxides might be derived. 
A possible source of the manganese would be the jasper, which occurs as 
irregular masses in tlie limestone and which is found coated with manga- 
nese oxides. These jasper masses are not always found in direct associa- 
tion with the ore, but in most cases are onlv a short distance awav. In 
one instance reddish jasper was found with manganese oxides coating the 
jasper and replacing it. From the field evidence, it appears that the 
jasper was the original source of the ore where the manganese minerals 
were probably present as rhodonite and rhodochrosite. Subsequent leach- 
ing, in the process of weathering concentrated the psilomelane and pyro- 
lusite in the crushed zones in the limestone. Fragments of limestone are 
found imbedded in the manganese oxides which have partially replaced 
the country rock. In thin sections the oxides can be seen replacing the 
fragmental Radiolifes and foraminiferal remains and cutting the wall 
rock in a network of veinlets. 

Harder (UHO) discusses the manganese ores in the Franciscan jasper 
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of California and states that 'the oiigiiial soime of the ore is the jasp 
itself." Further search for msngansss in the Ponoe District dKnild 1 
confined to the limestones^ eqwcially the Onayabal formation^ and tfaa 
portions closely associated with the jasper should reeeive first atlentioi 

MAomnzs 

A prospect of magnetite along the Portngnes Biver north of Ponee wi 
visited in company with the owner, Sefior T. Blasini, of Pdnoe. Tfa 
property is known as Tibes and is about four miles north of Ponoe. N 
development work had been done np to the time of the writer's visit, wit 
the exception of a few shallow pits, which were not sufficient to detennin 
the extent of mineralisation. 

From an examination of the few openings made, it can be seen that tfa 
ore owes its origin to contact metamorphic action of a felsitic dike cul 
ting the San German limestone. The intrusive is so strongly modifie 
that its original character cannot be determined. However, it has th 
appearance of an andesite. 

The magnetite, with a little pyrite and cfaalcopyrite, is intimately asso 
ciatcd with garnet (grossularite). The ore, as far as could be determine 
from the openings, occurs in irregular replacements along the limeston 
igneous contact. The limestone at this point dips with a steep angle ani 

is cut l)v tlio felsitc dike, which has a nearlv horizontal attitude. Th 

• • • 

property is worthy of further prospecting to determine the full extent o 
the ore. 

LlMOXITE 

The most important linionite deposit in the district, on the Mayague 
mesa, has heen discussed in a very comprehensive paper by Fettke an< 
Hubhard (1^)18). Since this paper may not reach all those interested ii 
this iron deposit, it is proposed to summarize here the results of Fettki 
and HuhhardV stndv and to add additional localities for this tvne of ore 
In regard to the distribution and mode of occurrence of the limonite 
Fettke and Hubbard state : 

Tlu» llinoiilte occurs as a mantle of brown to reddish lirown soil overljrinj 
the top of the im»sa and extending part way down its sides. Over most of th< 
>'te4»p northern and southern flanks, however, it Is absent, the underlying ser 
l>entine rook v'oudn^ to tlie surface here. The material does not furnish a ver} 
fertile st)il. so that vegetation on the mesa Is scanty, as compared with thi 
luxuriant jcrowth of tropical plants covering the adjoining hills. Over mos 
of the mesa the total thickness of the limonite is not exjiosed, and, as this ean 
not be determined without drilling, a few measurements only were obtalnec 
during the hasty reconnaissance made by the writers. 
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The gradation from weathered iserpentlne into limonite« wherever the con- 
tact is exposed, is a sharp one. As a rule, the serpentine Just beneath the iron 
<»re has l>een altered from the dark green, dense rock, already described, to a 
light yellowish greon, soft, porous mass, abundantly stained by l>rown hydrated 
oxide of iron. The iron ore itself usually has a reddish brown color, but inter- 
vening between it and the altered seri)entine there are. in most cases ut least 
n few inches of brown materiaL 

The character of the iron ore is summarized bv them as follows : 

ft* 

Most of the limonite deposit consists of a loose, pon)us, earthy masM varjing 
in color from light yellowish to a dark re<ldlsh brown. Usually the red i>or- 
tions occur nearest the .surface, while tlie brown rest uiwn the scn^entlne. The 
relative percentage of iron in the ore cannot, however. 1k» determined from the 
(M>l()r. as fre<idently the brown varieties contain a higher i)ercentage ot ferric 
oxide than the darker re<l. The shade of (^olor is undoubtedly due to the degree 
of dehydration of the ferric oxide. Toward the surfa<*e the limonite tends to 
li>si» Its comblne<1 water and gradually passes lntt» less hydrated forms of ferric 
oxide and finally to hematite. 

In addition to the loose earthy material, numerous boulders aiul ninsses of 
hard ore occur scattered over the limonite area. These houhlers retain the 
porous structure of the soft ore, but contain little vi»lnlets running In nil direc- 
tions and filled with the botryoldal form of limonite with varnlsh-llke luster. 
These boulders range In diameter from a few Indies ui» t(^ several f(H»t : appar- 
ently they have lM»en washed <mt of the upper layers of Inost* material. 

A thin WH'tlon from such a boulder, under the microscoiu', showed that the 
hydrateil Iron oxide Is present In two forms, cryptoerystallinc^ and amorphous. 
The former variety retains the structure of the seriKMitine, while the amor- 
phous has been deposited afterward In little velnlets ruiiniiij: in every direetlon 
throughout the former: these show a handed structure. Small jrraiiis <»f mag- 
netite and chromlte api)ear here and there, just as In the serpentine rock. 

The conclusions of tliosc aiitliors upon tlie ori^jin of the limonite is 
< J noted below: 

From the preceding description, it Is seen that the limonite deiM)slts of the 
Mayaguez mesa are almost exactly similar to those In northeastern Cuba, 
which have bot»n studied by a number of geol(»glsts, all of whom have agreed 
that they are resldiml In origin, being derived fnmi the underlying serpentine 
by the weathering of this rock. 

Tt will, therefore, be sufficient to sumnmrlze briefly here the nmln lines of 
evidence that indnt to the residual origin of th(» limonite. These have already 
b<»en ably discussed by the geologists who havi» descrlbiKl the Tuban dei)oslts. 

The close association of the limonite and the serpentine p<»lnts strongly to 
such mcxle of origin : wlujre otiier rocks lower In Iron und<»rlle the surface, the 
soils are relatively poon»r In iron oxides. That the original structure and 
texture of the seri>entlne can still be detei'ted In some of the hard ore furnishes 
almost Indisputable evidence that the limonite has been derived from It In this 
mniuier. The Irregular contac't «)f the Inm ore with the un<lerlylng serpentine 
is also chara<*terlsti< of residual deposits derlviHl from underlying rocks by 
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the pnx'eMH of weatherint;. Likewise, tlie extremely porous stmctore of the 
limonite, where nlumping has not occurred, shows that it has been formed by 
a lenchiDg process in which the more soluble oonstitumts have been disaolred 
by cln*uluting waters, leaving the less soluble constituents behind. Tlie r^- 
tively high percentage of chromite in the ore also indicates the same origin. 
rhn>mite is a relatively insoluble mineral, and therefore remains behind in the 
residual soils. 

Finally, a (Comparison of the analyses of the serpentine and the Unmnite 
furnishes further evidence for supposing that the latter was derived from the 
former (Table 6). 

Taulk U. — Comparative CompoHUon of Serpentine and Linumiie 

Serpentine, per cent. Umonlte. per cent. 

Sii), 38.41 2.44 

.Vl,(), 4.96 30.21 

Fe,(>, 6.32 57.09 

FvO 1.27 0.85 

M>;i) 33.32 0.61 

C'aO 0.01 trace 

Na:i > 0.27 not det. 

K,n 0. 10 not det. 

ri.O at 110 C 0.83 1.09 

H,c» -i- ij^iltion 13.40 14.96 

TiO.- 0.08 0.26 

Nio 0.72 100 

Cr.u 0.42 1.57 

100.14 100.68 

Ti..- <'i:i\ lurtli. r iii!""rniath'ii which miixht I.H' aJded is to note other, 
1»'^«> »\!<i.-i\i' MrriirniKv^ «'l" xhv saiiio type of ore as that found in the 
Mavairiu/ 111 -sa. The writer has i:t»no over the area examined by Fettke 
aiul llubi'anl, and has also stuJit-d the serjvntine to the east of the mesa 
and at ntlior j^uints in the Ponce District. The limonitic iron was found 
at a nunilur ni localities in the mass of serjvntine, the western end of 
which l.Tniv th«' Mayaixiiez mesa. The deposits are very irregularly dis- 
tril)Ut»'d. niiirh «»f the serpentine shnwiiii: «»nly iron stains. The other 
looalitv wnrthv nf mention is at the Keforni Sch<xd southwest of Mava- 
i:uez, wii»rf -hallow j^its ha\e l»een sunk. The limonitic soil at this point 
is filk'd with shiny nodules of brown iron ore. 

Copper 

An unsiire»^-<lul attemjn was made to locate a reported copper deposit 
north nf San <i.rman. The rock in this region is chielly serpentine, and, 
although places -In -wing copper staining were found. ni» dejx>sit was en- 
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countered. It is possible that ore may occur here similar to that found 
on the Pacific coast (Butler and Mitchell, 1916). Copper in the form of 
small particles was found in andesite north of kilometer 72.4-, Ponce- 
Penuelas road, near the fault contact. The mineral is very sparsely dis- 
tributed in the andesite, being associated with the filling of amygdules. 
Weathering has produced greenish copper stains coating the surface of 
the rock. 

Salt 

Salt is derived by solar evaporation of sea water in artificial salt pans 
along the south and southwest coasts, at four different places. The largest 
of these is the Salinas de Cabo Rojo, in the extreme southwest corner of 
the district, near Cape Rojo. A memorandum of the Salinas de Cabo 
Rojo, furnished by Seiior Arturo Bravo, of San Juan, is included here : 

The so-called Salinas de Cabo Rojo are situated on the southwest point of 
this island, about where Morrillos Lighthouse is located. 

The salt production is divided into three sections, viz : "Fraternidad" on the 
south, between Morrillos and Punta Aguila ; "Candelaria" on the west, between 
Punta Aguila and Punta de Hicacos; and the "Corozo," between I*unta de 
Hicacos and Punta de Penones. 

The salt is obtained by solar evai>oration. 

There are two large ponds, one natural and the other artificial, which receive 
the sea water through ditches. From these ponds, by means of wooden canals, 
the water Is pumped Into the crystalUzers, wind power with five mills being 
used. The salt is taken with wheelbarrows from the crystalUzers and stored 
near by In pyramid piles, and when dried Is carried to the shore In small open 
wagons, driven by oxen, through rails in some Instances, and In others with 
common ox-carts, which unload into lighters at a small wharf, and the lighters 
take the salt to the vessels. 

The number of crystalUzers amounts to 41, and their capacity of salt varies 
from 25 to 100 tons each, averaging In all about 3500 tons. In ordinary weather 
conditions through the year, these crystalUzers condense four times, showing 
a total production of 14,000 tons. There is room for building more crystal- 
Uzers at a very small cost, to duplicate the production, and with some further 
improvements it might yet considerably increase. 

Exceptional unfavorable weather Is usually experienced every ten or twelve 
years, and we had to encounter with such contingency In 1913, when the yield 
amounted only to 2870 tons. 

Wages are paid at the rate of 50 cents per day for any ordinary work, but 
the labor on shore for shipping is paid by the weight, at the rate of one cent 
per hundred pounds. The labor for gathering the salt in the crystalUzers, 
carting it out and piling is paid at 4 cents fanega. Shipping by lighters is 
paid at $2.00 per hundred fanegas. Each fanega is equivalent to about 300 
I>ounds or over, according to the weight of the salt. 

Our salt Is well known In different American markets and particularly so In 
Boston. During the years 1910, 1911 and 1912 eighteen cargoes were shipped 
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The Coama tuff limestone has been used in some buildings, notably in 
Ponce, where it has also been employed in curb construction. The strik- 
ing lithologic character of the rock makes it a unique building stone. 
The Ponce chalky limestone has also been used in some of the older build- 
ings in Ponce. It has served very well in the smaller structures. The 
(luayabal limestone north of Juana Diaz offers a considerable supply of 
material suitable for interior decorative purposes. The rock takes a good 
polish, presenting an attractive cream-colored surface. Joints are promi- 
nent in much of the material, but field examination shows that blocks of 
considerable size^ free from joints, can be secured. 

ROAD-MKTAL 

An abundance of first-class road-metal can be found in nearly all j)arts 
of the district. The rock used for tlu» excellent macadam road depends 
in a large measure upon the local supply. Among the varieties in use are 
San German limestone, tnflT of all varieties, shale, ignecms rooks and the 
white Ponce chalky limestone. Of the above, the best materials are the 
San German limestone, highly indurated tutf, foraniiniferal sliale and 
igneous rocks. 

Ckmkxt Matkhial 

An abundance of cement material is found in the shales and linu'stones 
which are so prominently develoi)ed in the area from IVfiuelas wistward. 
However, the lack of a local fuel supply on the island makes the possi- 
bility of developing such an industry a doubtful one. 

Pktkolkum 

The only locality where conditions appear favorable to the accumula- 
tion of oil is in the region west of Juana Diaz, in the sandy, shaly and 
marly beds of the lower part of the Ponce formation. An examination 
of these beds disclosed no indication of the presence of oil, although the 
structure is such that oil could accumulate. The sandy j)ortions of the 
beds are ca])able of acting as a reservoir, with the more shaly material 
serving as caj)ping strata. If further investigation of oil possibilities is 
made in Porto Kico, these l)eds should receive attention, though from the 
evidence secured during the present survey there is nothing to justify th«' 
belief that petroleum will l)e found in this district. 



298 SCIENTIFIC SURVEY OF PORTO RICO 

BIBUOOBAPHT 

AUCXANDES, W. A. 

1902. Porto Bico, its climate and reoonreea. BqIL Amer. Geog. Soc 
XXXIV, p. 401. 

BuTus, G. H., and Mrchkll, G. J. 

1916. Preliminary surrey of the geology and mineral resoarcea of Cnrr 
Gonnty, Oregon. BnlL Oregon Bnrean of Mines and Geology, II 
No. 2, October. 



, C. P. 

1915. Geological reconnaissance of Porto Bloo. Ann. N. Y. Acad. ScL 
XXVI. 

CucvE, p. T. 

1871. Geology of the northern West Indies. KnngL Sven. Vet. Akad 
Handl., IX, No. 12. 

1883. Outline of the geology of the northeastern West India Island! 
Ann. N. Y. Acad. Set, II, pp. 185-192. 

Davis, Brig. Gen. G. W. 

1900. Porto Rico. Reports of Brig. Gen. G. W. Davis. Gov. Prlntlni 
Office, Washington, 94 pt>. 

DiLLEB, J. S. 

1897. Tlie educational series of rock specimens. Bnll. U. S. Geol. Surv. 
No. 150, p. 388. 

DlNWlDDIE, W. 

1890. riiysical features of the island. Harpers* Weekly, XLIII, p. 248 
March 11. 

lSt»9fi. Tlie jrreat caves of Puerto Rico. Harpers' Weekly, XLIII, p. 293 
March 25. 

DOMENECII, M. K. , 

1S!>9. Mineral resources of Porto Rico. Mines and minerals, XIX, pp 
5L>9-532. 

Falconer, J. D. 

1JK)2. Evolution of the Antilles. Scot Geog. Mag., XVIII, pp. 369-376 
1 pi. 

Fettke, r. R.. and Hubbard, B. 

1918. The llmonlte deposits of the Mayaguez mesa, Porto Rico. Trans 
Amer. Inst. Min. Engin., Bull. 135. March. 

FisKK. Amos K. 

1S99. The West Indies. Putnam's Sons. New York. 

(ii'ppY. K. J. L. 

11H)9. (Jeologlcal connections of the Caribbean region. Trans. Canad 
Inst. pp. 373-391, January. 



MITCHELL. OEOLOGY OF THE POSCE DISTRICT 299 

Hamilton, S. H. 

1909. Eng. and Miu. Jour., LXXXVIII. p. 518, Septemlior. 

Harder, E. C. 

1910. Mauganese deponlts of the United States. Hull. U. S. (lool. Surv., 

No. 427. p. 166. 

Hill, Robert T. 

1S98. (^uba and Porto Rico with the other islandH of the West Indies, 
New York. 

lS98a. Mineral resources of I'orto Rico. 20th Ann. Rept. U. S. (Jeol. Surv., 
Part VI, p. 771. 

1899. The value of Porto Rico. Forum, XXVII, pp. 414-419, June. 

1899a. I'orto Rico. Nat. (Jeog. Mag.. X, pp. 1«-112. 

189?)^i. The geology and physical geography <»f Jamaica. Bull. Mus. Comp. 
Zool.. XXXIV. 

lS99c. The forest conditions of Porto Rico. Rull. 2'), V. S. Dcjit. Agric. 

HoixiE. K. T. 

1920. (ieology of the Coamo District. Porti> Rico. Scientific Survey of 
Porto Rico and the Virgin Islands, I, Part 2. 

Newberry, J. S. 

1K82. (icology of the West Indies. Tnins. N. Y. Aca<l. Sci., 1. pp. 2:J-24. 

NiTZK, H. C. B. 

1S9S. Investigations of sonic of the mineral resources of Porto Rico. 
20th Ann. Kept. V. S. (;eol. Surv., Part VI. pp. 779-STS. 

Semmes, I). R. 

1919. (ieology of the San Juan District. Porto Rico. Scientific Smvey of 
Porto Rico and the Virgin Islands, I. Part I. 

Spencer, .1. W. 

IIKKJ. On the geological relati<>nships of the volcanics of the West Indies. 
Trans. Victoria Inst. Jour., XXXV. pp. 198-207. 

Vauchan, T. W. 

1902. Earliest Tertiary coral reefs in Antilles and United States. Abstr. 
(Jeol. Soc. Wash., February 2(5. 

Wharton, W. J. L. 

1894. Depth of the octMin near Porto Rico. (ieog. Jour., IV, p. 2.Vi. Sep- 
tember. 

WiLHON, Herbert M. 

181«). Water resources in Porto Rico. Water Supi>ly Paper No. .TJ. I'. S. 
(Jeol. Surv. 

lS99f/. Engineering development of Porto Rico. Eng. Mag., XVII. jip. 
(i02-(J21, July. 

IIMM). IN>rto Rico, its topographic asjM'Cts. Bull. Amer. (ieog. Soc, No. .'»2, 
pp. 220-238. 



300 BCIBKTIFIC BUKiEr OF FORTO MICO 

(Betermcefl In which foaalla IdenCUIed arc flgimd) 

Ci:A«K and TwircHKix. 

1913. The Heaowric and CeDoaotc EcUnodennata of the Tnttnl SUI 
V. S. Geol. Snrr., Uonagnidi LIV. 

CoSBAK, T. A. 

1893. Fowdla ol the media) Tertlarr. Trans. Wafner Iiwt ScL 

Dall, W. H. 

1890-1M3. TertUry bona of Florida. Trana. Wagner Iniit. ScL, ill. Pa 

1, 2. 4, S and & 
1S13. A monugrapb of the mallUHCan fauna of the Ortliaalax IMgn 
sone of the Oligocene of Tampa, Elorlda. Bull. U. S. Natl. Ui 
No. 90. 
11116. A contribntlon to ttie Inrertebrate fanna of the Oilgoceoe bc'dx 
Flint River, GeorgU. Proc. U. 8. Nail. Mns., U. pp. 4ST-324, i 
S3-88, December. 

HEtLraiN, A. 

1887. Explorations of the west coant of Florida. Trau)*. Wagner lu 
Sd.. 1. 

llAUBV. C. J. 

1!>11. S,)iilo numlii);!' IMH* sts'tluiis iiiii] fosNlls. Bull. Amer. I'iileoiitiib^ 

V, Xos. l-fl mid 3a 
IHl::. A cKiitrlttutliiii lo the i.iiIeoiitolc)K.v at Trliildiid. Jnur. Aiail. X 

St-1.. Philu. (2). XV. March 21. 

1884. UciMjrt iif the wleiiltlio results of the vojoge of H. 51. S. ChallcHg 
lN7:i-7ll. IX. 



m 



4 



NEW YORK ACADEMY OF SCIENCES 



SCIENTIFIC SURVEY 

OF 

Porto Rico and the Virgin Islands 



VOLUME I— Part 4 
The Physiography of Porto Rico — A. K. Lobeck 







) . . -, /. / -X. 



THE PHYSIOGRAPHY OF PORTO RICO 

Br ARiiiN K. LoBECK 

CONTENTS 

Introduction 302 

Physiographic history ;M>4 

The oldlnnd ;j07 

Volcanic tuffs and shales ;{07 

(iranlte 309 

Serpentine 309 

liiuiostone 309 

Structure 310 

The first or liiglier peneplane 312 

Tlie pcncplanc 312 

Moiiadnoclvs 314 

Tlic Lu(Hiill() Mountains 314 

Tlie (V)rdillera Central ;{ir> 

The si'cond or lower penei)lane , . . . . 315 

I )eposition of the Tertiary coastal plain 320 

T'plift and dissection of the Tertiary coastal plain 327 

(^laracter of the uplift .".27 

Assumed faultinj: 328 

I )isse<'ti(Hi of the coastal plains 32?> 

The northern c(»astal plain •*29 

The belted character of the coastal plain .'t«'U 

The iiHier lowland '^^ 

Lares limestone cuesta •>''i2 

Cihao limestone lowland 'J^'J-'J 

Los Puertos limestone cuesta '\^ 

Quehradillas limestone lowland 334 

Special features '^^ 

Isolated remnants of the Tertiary .'137 

The southern coastal plain 337 

Eastern portion. Juana Diaz to Yauco :>37 

Western portion, Guanica to Cape Kojo .'{3J> 

Sink holes and the (luestlon of assumed faulting :J39 

Vie<pies 343 

Uec(»nt slipht suhmeriyfence •»"*3 

General 343 

East coast •**"^"^ 

South coast •'"^•'^ 

West coast •>^*> 

North coast 34<> 

Theoretical c»>nsiderations 340 

(301) 



302 SCIEXTIFIO SVRVEY OF PORTO RICO 

■ 

Puffie 

Amount and cause of submergence; glacial control theor}-. 316 

Submarine profiles east of Porto Rloo; origin of Cordilleras reefs 347 

Recent changes 3IS 

Alluvial deposits 348 

Wave and wind work 354 

Cape San Juan region 354 

East coast 357 

South coast 358 

West coast 300 

North coast 300 

The San Juan formation 3OX 

Summary 306 

Probable very recent slight emergence 306 

Brief notes on adjacent islands 371 

l>esecheo 37I 

Mona 370 

Vieques 373 

Culebra 374 

Muertos 374 

Acknowledgments 375 

Bibliography 37O 



INTRODUCTION 



l*nii() liico, tlie eastrrnmost of the larger Antilles, is a rugged moun- 
tain nia«^s trending oast and west for a distance of over one hundred miles, 
fianke<l hy u[)lift4'd limestone plateaus on its north and south sides. It 
lies well within the tropics, in the latitude of 18 degrees north, and is 
suhject to tlie influence of the steady northeast trades. The persistence 
and regularity of the trade winds can not fail to excite the notice of the 
northerner who is accustomed to more variable conditions. Their effect 
upon the island is pronounced and shows itself in the marked contrast in 
precipitation between the north and south sides. An elevation of about 
2000 feet prevails throughout much of Porto Rico, so that the trades are 
forced to rise and precipitate their moisture over the northern two-thirds 
of tlie island (Fig. 1). Out of the brilliant sky dense cloud masses form 
with great rapidity over the uplands and several downpours may be ex- 
pected during the day throughout most of the year. But when the winds 
reach the lower lands of the southern coast they have not only lost a large 
part of their moisture, but in their downward journey they have been 
transformed into drying vrinds, with the result that this whole coast^il 
area is almost barren and parts of it experience months, or even years, 
without rainfall. Irrigation is there essential for the cultivation of large 
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crops, aud in the southwestern comer of the island, where there occur the 
longest periods of drought, considerable areas are densely covered with 
cactus. Orer the rainy windward portion of Porto Rico streams are nu- 
merous and always flowing. In the dry leeward portion, river courses are 
intennittent and coalescing alluvial fans fringe the shallow coast for many 
miles. The trade winds are also responsible for the strong waves of the 
north coast, which have thrown up beaches and bars and have developed 
a magnificent stretch of cliSs. This is in marked contrast with the south- 
ern coast, where there is almost no disturbance to the water and mangrove 
swamps abound. 

The shape of Porto Rico in general is that of a rectangle, with a long 
east-and-west dimension of 110 miles and a north-south width of 35 miles, 
giving the island an area three-fourths tjiat of the state of Connecticut. 




The population of Porto Rico is approximat«ly half that of Manhattan 
Island, roughly between 1,200,000 and 1,350,000' people. It is, in fact, 
one of the most densely inhabited regions of the globe. Although there 
are some 65 to 70 villages on Porto Rico, the people are predominately 
rural and are scattered quite uniformly over the entire island, even 
throughout its most rugged portions. The largest three cities — San Juan, 
Ponce, and Mayaguez — have populations from 35,000 to 50,000. Many 
of the smaller villages contain less than 1000 people, but moat of them 
average between 1000 and 2000. The towns are invariably built com- 
pactly around the public square or plaza which the cathedral fronts on the 
east. The only extensive part of the island not settled is the area com- 
prised in the Luquillo National Forest, which covers the higher portions 
of the Luquillo Mountains. 
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Coffee, tobacco, sugar, and citrus fruits make up almost the entire agri- 
cultural output of Porto Bico. Coffee-raising is confined to the upland 
areas, tobacco is the important product of the Caguas and Cayev vaUevs 
in the east, sugar is the great crop on the extensive flood plains and 
coastal regions, and the raising of grape-fruit and oranges has been de- 
veloped in the hills along the north coast west of San Juan. In spite of 
its splendid possibilities the island is far from being self-sustaining in 
the matter of food, and the great mass of the natives depends almost en- 
tirely upon the rice, beans and salt fish shipped from the states. 

Compared with the conditions of living within the continental United 
States, even in the smaller and more remote towns, life in Porto Rico 
must seem at first to a visitor from the north very difficult, but to be fair 
one must take into account the vicissitudes through wliich the country 
has passed and realize what splendid headway is now being made in the 
direction of culture. On the other hand, no visitor, even while adjusting 
himself to the mode of life in Porto Bico, can fail to be charmed by the 
idyllic beauty of her scenery and the splendor of her setting under the 
tropic skies. 

PHYSIOGRAPHIC HISTORY 

Tln' ]>Ii\sio»rra|)liic history of Porto liico takes us back to an olclland 
coiiijm».s(m1 of a complex mass of igneous rocks (Fig. 4). The rock types 
involvr scdimcntarics of volcanic origin and intrusive masses ranging in 
size from those sliowing only a few feet of outcrop to the largest one cover- 
ing almost one-eighth of the island. Under the influence of subaerial ero- 
sion, this oldhuid was reduced to a rather perfect peneplane except for two 
well-defined monadnock groups. The smaller of these groups now com- 
])rises tin* Luquillo ^lountains at the eastern end of the island. The 
larger one is known as 'the Cordillera Central and forms the main crest 
of the mountainous area of Porto Bico. It is probable that Porto Rico is 
essentiallv a Mock or horst hounded by faults, and it is likelv that several 
of the larger elements comprising the oldland mass are due to faulting 
which antedated the first peneplanation. No direct evidence on this point 
is availal)le. 

Uplift of this tlie first peneplane stimulated a new cycle of erosion. 
Over most of the island only a mature stage of dissection was reached in 
this new cycle, but along the north coast an east-west belt about ten miles 
wide was reduced to base-level, which for convenience may be known as 
the second or lower penephme. A corresponding belt on the south side 
of tlie island was also worn down far less effectively, probably be- 
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cause of inadequate rainfall. Submergence of much of the oldland 
mass then permitted the depOBitiou of a coastal plain upon both the 
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north and south sides of Porto Rii'o. That on the north side cov- 
ered most of the lower pem'planc at the east end of the island and 
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in the western part even extended so far inland as to rest upon the first 
or higher peneplane; that on the south side was deposited upon a very 
irregular oldland surface. Dissection of both the coastal plains was then 
initiated by uplift. The coastal plain on the north side acquired a well 
defined belted character, exhibiting two pronounced cuestas, each sur- 
mounted by the so-called haystack hills of the limestone country. These 
parallel east-west belts of hiUs alternate with other belts of lower oountry, 
which on account of the sharpness of dissection have a plateau-like aspect 
The inner cuesta of the north coastal plain in places fronts a broad inner 
lowland from which the basal deposits of the coastal plain have been re- 
moved. The outer or northern cuesta usually looks down upon one of 
the plateau-like belts just mentioned. On the south side of Porto Rico a 
distinct cuesta was developed, but occasionally it is obscured by the irreg- 
ular topography of the oldland upon which it rests. 

After the dissection of the coastal plains the entire coast suffered a 
slight submergence, the result possibly of the melting of the continental 
ice sheets at the end of glacial time. The recent changes which have 
taken place since this submergence involve the deposition of alluvium 
along stream courses and its dissection to form terraces, the building of 
'extensive alluvial fans on the south coast, the silting up of bays, and the 
work of tlie waves and wind, which has been most pronounced on the north 
side of tlio island. Finally there is some evidence of a slight emergence 
at a vrrv rroent date. 

F(^r ease of reference the physiographic history of Porto Rico may be 
divided into several events or stages which can he tabulated as follows: 

1. The oldland, a c(^mplex mass of igneous rocks consisting of sodi- 
mentaries and intrusives subjected to subaerial erosion. 

2. The first or higher peneplanation with monadnocks. 

n. Uplift, mature dissection, and development of the second or lower 
peneplane on the north and south sides. 

4. Partial submergence and deposition of coastal plains on the north 
and south coasts, to be known as the Tertiary coastal plains. 

5. Uplift, dissection of coastal plains, and continued erosion of the 
oldland. 

(). Slight drowning of entire coastline. 
7. Recent changes involving: 

a. The deposition of alluvium in stream valleys, in drowned bays. 

and as alluvial fans on the south side of the island. 
/>.' Wave and wind work. 
c. Slight emergence. 
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The discussion of these stages will follow the order of succession of 
events as given above, and in pursuing it the reader will do well to make 
frequent reference to the accompanying large map. 

THE OLDLAND 

The rocks of the oldland comprise what has been termed the Older 
Series by Dr. Berkey. While over large areas the erosion of the oldland 
mass has not been appreciably affected by variations in the character or 
the structure of the rocks, there are districts where quite the reverse is 
true. A brief consideration of the rock types and the simpler deforma- 
tions which have taken place in the older series will therefore be of dis- 
tinct help in appreciating the present topography. 

Volcanic Tuffs and Shales 

As is to be expected in a region isolated from a continental mass, prac- 
ticallv none of the formations have a clastic derivation. Volcanic tuffs 
represent the most abundant of the rock types and they are usually 
massive in habit and made up of andesitic fragments. This implies a 
practical absence of quartz, a condition which is true also of the shales. 
These two rock types, together with the igneous intrusives of the andesite- 
diorite family, make up the bulk of the older series, and as they grade 
into and are frequently indistinguishable from each other it is practica- 
ble to draw a few generalizations regarding the effect of erosion upon 
them. 

Although it is usually true that weathering has gone to considerable 
depths, 20 to 30 feet being quite common, most streams are cutting into 
rocky beds. Berkey (1915, p. 34) has remarked upon the striking man- 
ner in which badly decayed outcrops resist destruction or removal by 
ordinary weathering and erosion agents. He mentions three factors to 
account for this stability of the soil mantle : 

One is the clinging character of some of the vegetation which tends to bind 
the soil together; another is the small range of temperature variation, which 
reduces disintegration or disruption tendencies to a minimum; and still an- 
other is the low content of inert or refractory materials, such as quartz, in the 
rocks whose destruction has furnished the soils; all of which factors favor 
the maliing of a specially tenacious soil. 

It is probable that the last factor is by far the most important. 

In general, the hillside slopes throughout the older series are very steep, 
30 degrees being exceedingly common and 40 to 45 degrees not rare, but 
this does not hold true in the granite areas where rolling topography and 
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gentle slupes aru llii! rule. In ep'iti of Uie fact that the tctmcious char- 
acter of the eoil, due to its high (;1ay content, enahlei^ tlin vertical cut« uf 
trails to staud for long periods and prevents the washhig of etwp hdl- 
sidcB, it is no uncommon tiling to see slumping of the ground even on 
nioderati; slopes, and occasionally land slides of ri'sUy gryat proportions. 
A large landslide may l>e seen a few miles north of Yuueo on tlio trail t'j 
Maricao, where the mountain sides for the space of a thousand ft-ct aljtivc 
the viiUcy floor have givun way. 

Anulhor fadflr whidi may Iw of »ignificance in developing 8t«pp elopes 
and the characteristic cvchillo or knife-edge divides on the meml»TS of 
thti older aeries is the t^jrrential character of the rainfall. The average 
annual rainfall oier the upland portion of Porto Itico is between 8l.) and 
90 inches, or more than twice tliat for the vicinity of New York. But, 
unlike the precipitation of middle latitudes, where the duration is U\ he 
measured in hours, and even days, und the amount in huiiilredtlia or 
tenlliB of an inch, the average duration uf a shower in Porto Uieo it ten 
or twelve minutes, and there are numerous instances of successive sliowers 
which totaled 10 inches rainfall in ti^'ehe hours, while amounts of 4 to 5 
inches in twenty-four hours are of frequent i»ccurrence, A record of 2J 
inches for twenty-three hours, as an example of an extended pi^rioii of 
heavy precipitation, and of 1 inch in nine minutes for a short period may 
suggest to the reader that important consequences must result from the 
accumulation and run-off of so great a volume of water in go brief a period 



oftiitK', Th 



mly mnderafp rninfall. 



Fitjiiil run-i 
inuiiediali'l 



ilir -i1nuti..n. dci 



I tlic jdastieity 



llic i|\i,irt^-l'rir vuliaii 


■s. i 


tlie impcr- 


his eiKi.nra^'cs >l hirir^^ 


and 


excecliliffly 


alod from the \\\ri tli 
cr heavy slu.wcrs. In o 


t. ni 


ny streams 
M' tlio Plata 


it began to rise, ]».iir 


<l i'\ 


■r the dam 


t or more in tliickiics.- 


thr 


ughunt thr 



i>d e 



M ( 



,11 ^i,-.ininibitinn of wmer in iill the lillle puekets >iii<l irre-U- 
ih,' siirlu.e. In iniis,-.|n.-nee llic trails (ncr tlie u).liind portion 
II,. I, r^.■.^]•l ,!iiiiiif.' till, .-umiianitively dry ni.mtlis „f .hmnary 

lliin. ill-.. ■<hrl, MThnlilc sloll^dl> ni ivd lini.l. «llirh is hnth 



LOBECK, THE PHY8I00RAPHY OF PORTO RICO 309 

GRANITE 

Xext in size to the areas of tuffs, shales, and associated igneous intru- 
sives making up the bulk of the island are two or three areas luiderlain 
by large intrusions of granite. The largest of these covers most of the 
southeast corner of the island from Caguas to Yabucoa. In general, the 
granite is less resistant than the volcanic rocks and most of this region 
has been reduced to a more or less open lowland. At the north the limits 
of the lowland coincide rather closely with the extent of the granite, but 
the southern margin is less definite and much of the granite still retains 
the upland level. Throughout the granite area the hillsides are covered 
with large weathered blocks and boulders, and the soil is distinctly gran- 
ular and resembles a fine gravel. There is a marked contrast between 
the cleaner condition of the native huts and the tidier way of living in 
this area, where tlie soil is porous, and the usual filthy condition which 
prevails over most of the island where mud is such an important factor. 

A second granite mass, of unknown extent, is found in the region about 
Utuado, in the west central ])art of the island, bnt its elfect upon the to- 
pography is not marked. The granite is massive and jointed, and in a 
minor way some control is exerted upon stream position. Even a master 
stream like the Areeiho Kiver follows joint planes for sliort distances. 
Pot-holes, a feature observed practically nowhere else in Porto Kico, occur 
along this river, and their presence is ascribed to the substantial and 
massive character of the granite. 

SEKPEXTINE 

Besides the granite intrusions there are in the western part of the island 
one or two masses of serpentine of smaller areal extent. They resist ero- 
sion more readily than the adjacent rocks and appear as round, full-bodied 
forms topped by more or less level surfaces. They constitute the so-called 
mesas near Mayaguez and similar larger masses farther east. The weath- 
ering of the serpentine has produced a thick, red covering of limonitic 
soil and has given rise to the smooth-flowing outline of the crest of the 
mountains which is distinctly characteristic of the region north of San 
German, where the bulk of the range looks much like the back of a 
gigantic elephant. 

LIMESTONE 

The fourth group of rocks occurring in the older series exerts by far 
the most effective control over the erosional forais. These are the crys- 
talline limestones. Almost invariably they stand up as distinct ridges, 
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despite their high solubility and the frequent caverns to which this char- 
acter gives rise. The two most prominent of the limestone belts make up 
the chain of hills known as the Cerros, running from Cabo Rojo to Yauco, 
and a parallel chain to the south extending from Boqueron Bay to 
Guanica. The relation between these two belts is discussed below under 
''Structure/' Another limestone ridge runs from Juana Diaz eastward 
to Salinas, the formation being known as the Coama tuflf limestone. 
Other smaller belts occur in the interior, as, for instance, the Aguas 
Buenas limestone ; but they are usually too insignificant in thickness ma- 
terially to affect the topography, although their ragged white outcrops 
may be a conspicuous feature of the landscape. 

STRUCTURE 

The usual trend of the members of the older series is in a west to east 
or a northwest-southeast direction (Fig. 3). Over large areas it is next 
to impossible to determine the strike at all, owing to the massiveness of 
the formations and their decomposed condition ; and even where the strike 
is to be rocyornized the yielding character of the rock, due to tlie advanced 
state of decay, makes it a negligible factor in controlling stream position. 

South of San Juan a definite alignment of features in a northwest- 
southeast direction reflects a greater degree of structural control than is 
commonly the case in the volcanic members of the older series. There is 
a hi^h, continuous ridge wliich persists from near La Muda southeast- 
ward to the p:ap out by the llio Grande; and running parallel to the ridge 
on its south side is a distinct subsequent lowland developed on weaker 
rock, not occupied throughout its length by any one stream. The road 
from San Juan to Caguas follows this narrow lowland for several miles 
east from La Muda. At the west end of the island the east-west trend 
of the Atalaya Range is in sympathy with the strike of the formations, 
as may readily be seen at many places on its southern flank. 

In the region about Coamo Springs there is a well-defined parallelism 
in the series of ridges developed upon the Coamo limestone and its asso- 
ciated formations. This limestone, which has already been mentioned, 
strikes from the northwest to the southeast, has a pronounced dip to the 
southwest, and gives rise to the most marked feature in this stretch of 
the southern coast. The main ridge or hogback in its highest part, in the 
vicinity of Juana Diaz, has an elevation of almost a thousand feet higher 
than most of the hills of the coast region. Its uneven crest, interrupted 
by several deep water-gaps, descends more or less regularly until it pitches 
beneath the alluvial plains near Salinas, but large outliers are foimd 
along the continuation of its strike at Central Aguirre. 



^ 
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The Boutlnrestcni coriier of Porto Rico (Kig. 5) appears tti lie a huge 
jBnticliuf. piU'hiiig In tlic vnml below Bi>(|iicriiii Rav ami to Uip iM»t b('iie«tb 
itlic Ti'rr.inr>' Bprien at Vauco. Tlu? norUi aud south limbs of thu aiitidim- 
,«taii(i U|) a§ two parallel ranges scparatud by a broad VRllc-y tlevelopwl on 
'the axi(! or the Hiiticliiif . The ntirtii timb of tlit- niiticliac id kiiuvm a» thr 
fCerni* and i< b,v no meana a w^U-(lellii«-(l ritige. itarely caii the nonh- 
>iniri] dip o{ tlm litueetuno and adjacent formatiuna be iiotvd. Tb« toptig- 
ferBphy dt-vclopMl uptiti the soullicrn limb ix cxprntsi^) hy a serW of mon 




or lew? parallel and elongated hills which are thurouglily siiggestive of 
AppaliK'hian ridges on a reduced scale (Fig. (i). On the north side of 
Boqucron Bay, and in particular near Gnaniquilla Point, the usual east- 
west strike of the formations swings around toward the south, and it ia 
one of the resistant layers which forms the barrier across the mouth of 
the drowned anticlinal valley represented by Boqueron Bay, 

THE FIRST OR HIGHER PENEPLANE 

The Peneplane 

As one approaches San Juan by boat from the north the remarkably 
even skyline over the central part of the island presents striking testi- 
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mony of the first recorded period of baae-leveling imposed upon the folded 
mass of the older series. If there were an earlier plaaation, all evidence 
of it was removed by tlie wide extent aud perfection of the erosion which 
produced the peneplaoe represented by the present summit levels. The 




Fia. T. — TatJey of the llanaH Hirer aboie Clules 
A gatitf In tile oldltnd cut below tbe lev«l or the iipppr penp[iLBiii>, 

notches of the Plata and Bayamon rivers are the only breaks in tlie other- 
wise contiiiuiius skyline and give the first intimation of the thorough dis- 
section which has occurred. Det'>p frorges, bold canyons, in fact (Fiji. I), 
are the luU; and tlie ramifications of the headwaters in stcop-piided valleys 
and ravini's is unusually Ijewihlcriofr to one exploring tlu' mountains on 
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foot. The peneplane was best developed, or at least its remnants have 
been best preserved, in the central part of the island. All the way from 
the Plata River region westward to Jiares its fairly accordant skyline 
forms the controlling element in the topography. West of Lares the 
peneplane has been so extensively dissected that only isolated remnants 
and spurs are to be recognized, the Atalaya Range forming the largest 
imit; and east of Caguas the prevailing level of the coimtry is so much 
below the upland surface that it must be considered as a lower base-level 
formed at the time of the second peneplane. The same is true of the 
region about Cayey (Lobeck, 1919, p. 535). 

It is believed that the accordant level of the hill-tops on Vieques, hav- 
ing an elevation of about 600 feet, represents the upper peneplane, this 
assumption being based mainly on the fact that the Tertiary formations 
rest upon a lowland cut below that level. On Culebra there is no accord- 
ance of level, neither is the Tertiary represented to furnish a key to the 
situation, but because of similar orders of magnitude of the features to 
those of Vieques it is probably safe to assume that the tops of the hills 
roughly indicate the upper level (Fig. 40). 

MONADNOCKS 
THE LUQUILLO MOUNTAINS 

Til is range stands up as a prominent mass at the eastern end of Porto 
Rico. The upper peneplane flanks it only on its western side; above it 
the mountain summits rise over a thousand feet; elsewhere they drop in 
long radiating spurs to the coast or abruptly to the adjacent lowlands. 
Having an elevation of nearly 4000 feet, these mountains form one of the 
most imposing features of Porto Rico. 

The best explanation for the position of this monadnock mass is the 
presence of more resistant rock types, though in the field the rocks here 
appear to suffer weathering as readily as those over most of the adjacent 
upland. A puzzling feature is the fact that all sorts of rocks are repre- 
sented in the area, including tuffs, limestones, and even granite, which 
is so non-resistant in the tropics, on the southern flank of the range. The 
possibility that the mass represents an upwarped part of the upper pene- 
plane can not readily be entertained because the peneplane remnants ap- 
pear to fringe it so nicely on the west and to form a narrow shelf on the 
south, and because the peneplane can not be recognized elsewhere about 
its base. It is quite possible that a better knowledge of the rocks involved 
would show that the higher areas are actually made up of more resistant 
types. 
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The Luquillo Mountains, as a whole, are maturely and deeply dissected, 
and though at a distance they appear as a unit mass, a traverse of the 
range shows them to be made up of several culminating peaks separated 
by gorge-like valleys 1000 to 2000 feet deep. El Yimque, "the anviV is 
the highest of the peaks and has an altitude of close to 4000 feet Al- 
though the Luquillo Mountains are forested, rock ledges and bold and 
imposing cliffs are not uncommon. The Luquillo National Forest covers 
most of the range and is the only extensive part of Porto Rico still pre- 
serving the virgin timber. Contrary to a general conception, this orig- 
inal tropical forest is not an impassable jungle, but is pleasingly open and 
park-like. Tree ferns aboimd, and occasionally one meets with flowers of 
great brilliancy, but there is almost no animal life. Even birds are rare. 
The sound of running water is always to be heard, so frequent are the 
streams. The higher parts of the range are almost continually drenched 
in a heavy mist. Nowhere else in Porto Rico may one walk for hours 
without seeing one of the thatched huts of the natives or without meeting 
people at every step. 

THE CORDILLERA CENTRAL 

Practically all of the other residuals rising above the peneplane level 
are concentrated in a chain of peaks along its southern margin, known 
in the western part as the Cordillera Central and further to the east as 
tlie Sierra de Cayey. Many of these peaks, especially in the west, rise to 
the same or to an elevation even greater than those of the Luquillo Moun- 
tains. Viewed from the south, the whole range has the appearance of a 
ragged escarpment with long, irregular spurs trailing down between steep- 
walled and cirque-like valley heads. Just as the lower peneplane, to be 
described later, reached a far greater degree of perfection on the north 
coast than on the south, due presimiably to the abundance of rain on the 
north side and its almost complete lack on the other, so it seems that the 
same cause may have been effective in the disposition of this chain of 
monadnocks along the southern edge of the higher peneplane. In the 
region south of Adjuntas a wide belt of country is involved in the Monad- 
nock group, and here it is not always easy to say just what the elevation 
of the peneplane is; but further east the belt becomes narrower, and in 
the Sierra de Cayey only one or two masses rise above the well-marked 
peneplane level. 

THE SECOND OR LOWER PENEPLANE 

From San Juan on a clear day the sharp break between the higher and 
lower peneplanes twelve miles to the southwest is a sufficiently marked 
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feature to be easily noted. The escarpment was mentioned by Semmes 
in his report on the San Juan District. In the space of only a mile or 
two there is a descent of 1000 feet or more northward to the lower pene- 
plane. Although Semmes briefly entertains the idea that there has been 
simply a warping of one peneplane, all the evidence^ both here and else- 
where, iH)ints to tiie later development of a lower base-leveL The strong- 
est evidence is the fact that the lower level is to be recognized between the 
spurs coming down from the higher one, and that more or less extensive 
basins like the Caguas and the Cayey Valleys have been opened oat upon 
softer rocks below the prevailing upland. A corresponding lower level 
on the southern side of the island has also been produced by erosion, but 
the stage of development is not so advanced as that which characterizes 
the lower peneplane on the north coast. 

The escarpment, which virtually marks the northern limit of what is 
known ns the mountainous part of Porto Bico, is not to be seen west of 
Ciales. The coastal plain in the western half of the island laps so far 
over tlie oldland as to bury completely the lower peneplane if it was de- 
vel<)])od there. Just south of Corozal the break between the two pene- 
planes is more marked and regular than anywhere else. Further to flie 
east the s])ur8 from the upland level become more and more confusing 
until (lircM^tly south of San Juan, in the region around La Muda« it is 
(|uit«' inii)<)ssil)le to distinguish with any degree of satisfaction between 
tlie eli'nicnts of the landscape. 

It is not ])ossil)le to know just how far the Tertiary coastal plain for- 
merly extended over the lower peneplane on the north coast, but it is 
quite ])rol>ahl(» that much of the area was covered and that the inner low- 
land now developed represents a stripped belt Were it not for the irreg- 
ular surface, l)oth on the north and south sides of the island, upon which 
the Tertiary was laid down, it might be argued that wave planation was 
a factor in developing the lower peneplane. But the ruggedness of the 
buried surface, especially on the southern coast, favors the theory of sub- 
aerial erosion, although it is not unlikely that waves were etfective during 
the transgression of the sea in which the coastal plain was deposited. 
Throughout tlie eastern half of the north coast region, from Morovis to 
the base of the Lucjuillo Mountains, the lower peneplane is a gently roll- 
ing surface with few interruptions rising above the general level. The 
streams are numerous, Imt the depth of dissection is rarely over 100 to 
200 feet (Fig. 8). 

On the south coast coJiditions are (|uite analogous to those on the north 
side of the island, but the reduction toward a lower level did not advane*' 
far enough to justify the term peneplane over any extended area. As 
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previously suggestted, this conditiou is explained by the coutrast in pre- 
cipitatiuu on the nortli and south coasts. On the north coast tlie stage of 
ckvelopment reached was one of old age, since rejuvenated, whereas on 
tile south side of the island the region in general may be described as still 
in maturity. 

Although the general elevation of the region a few miles back from the 
south coast is much below that of the upland peneplane level, there is 
still very great relief, and the whole belt of country flauking the BoutJiern 
margin of the upland is character is tical I y rugged. The escarpment mark- 
ing tlie break between the higher and lower levels on the south side of 




Porto Rico is the most extensive physiographic feature on the island and 
at the fume time tlie most imposing. It would be even more imposing 
if it were not that the spurs and foothill country cover such a wide belt 
and have such considerable elevations as partly to detract from the promi- 
nence of the main crest. In the eaBtern portion near Guaj'ama the face 
of the escarpment is exceedingly irregular and is broken by great cirque- 
like valley beads, whose walls attain a steepness not exceeded elsewhere 
in Porto Rico. Slopes of 40 degrees are common, and even 50 degrees is 
frequently noted. In its western half the upland margin has a fairly 
definite enst-west trend and the foothill country becomes narrower. 
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We mi; ssy, then, that it ii tliu fbotiiin oonntiy oo Um aaafh side itf 
Porto Bico vhich comapondi with 0» Icnrsr poieplane oa Uie norttt sidB. 
On the north aide reJQTenitioD is endeooed by the incisioii of tbtf streunt 
200 feet or bo beloir the penephne l«fd; oa the i/m& ride'tlie effect of 
the nplift is not bo spperoit, beosnse the nev cycle was introduced while 
the work of the earlier cycle waa still in ita yoathfnl atage, and the nmk 
was a continiiotu down-cntting. LocaUy, howerer, tl^re is eome aoggea- 
tion of the development of a lowland before the advent of the new cyde. 

A study of a typical profile acroea the island and a oomparison of the 
lower peneplane on the north and south coasta both above and below sea- 
level is helpful to an appreciation of ita true character. Snch a profile 
is shown in Fig. 9, which represents an approximately north-southtsection 
tiirough San Joan. The essential features to be noted are: 

a. The higher peneplane forming the great upland portion of Porto 
Rico, fringed along its southern margin by the chain of monadnocks 
known as the Cordillera Central. 

b. The lower peneplane> well developed on Qts north side of the island, 
bat represented on the soath side by a belt of greater mggednees. 

c. The pronounced break or escarpment dropping down from the upper 
to the lower peneplane on both the north and south sides of Porto Bica 

i/. Tlie cxtoiision of the lower peneplane as a continental shelf beneath 
tliv Ailniitie Ocean on the north side of the island and beneath the Carib- 
bean Sea on the south side. 

e. Remnants of the Tertiary coastal plain resting upon the lowei* pene- 
plane of tlie north coast in the region of Bayamon. On the south coast 
alluvial deposits bury some of the irregularities of the lower penepluie. 
Further west along this same coast similar irregularities are buried under 
the cover of the Tertiary coastal plain. 

The progress of erosion during the second cycle is attested not only by 
the denudation of the north and south coastal areas, but also by basins 
in the interior of the island, notably two in the eastern part. The larger 
of these, which for convenience may be known as the Caguas Valley, is 
drained in its western part by the headwaters of the Rio Grande and in 
the east by several small streams flowing in the opposite direction. Its 
reduction to a lower level seems to be due entirely to the weakness of the 
underlying granite rock. The high remnant of the upper peneplane 
which forme an imposing barrier on the north side of the entire Caguas 
lowland has been trenched by a narrow valley which serves as an outlet 
for the Rio Grande. The southern margin of the lowland is more diffi- 
cult to define because in many places the higher peneplane is not so well 
preserved. In general, the smooth and gently rolling surface of the low- 
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land has strong resemblance to the lower peneplane of the north coast, 
but the abundance of weathered granite blocks which cover it give it quite 
a different aspect in detail. In the northwestern part of the Caguas low- 
land between Caguas and Gurabo the rolling country representing the 
lower base-level has been opened out by the Rio Grande and its tribu- 
taries, whose flood plains lie 200 to 300 feet below the surface of the 
lowland. Some hills of more than ordinary prominence have their bases 
buried in the alluvium. They trend in a general east-west direction in 
accordance with what seems to be the structure of the older rocks. The 
average elevation of the surface of the Caguas lowland is about 550 feet, 
which is over 1000 feet below the bordering upland. Whether the rather 
high and more or less open valley in which the town of Aguas Buonas 
stands is a correlative of this same lowland it is difficult to say, but it 
seems probable and indeed almost certain that all the basin-like depres- 
sions and occasional broad valleys, which break up the upland surface 
and wliich are quite common in the east^'rn half of Porto Rico, were 
formed durin^^ the same cycle of erosion marked by tlie development of 
the lower peneplane on the north coast. In the region around Cidra the 
high upland level has not been preserved, neither has a well-defined lower 
base-level been opened out, except possibly very locally. 

The second depression, known as the Cayey Valley, is much smaller 
and stands at a far greater elevation than the Ca«^aias lowland, but no- 
where shows a well-de(ine<l lower peneplane. It is drained by the head- 
waters of the Plata River, which doubtless have discovered more yielding 
formations in this part of their course than a few miles downstream, 
where the valley is narrow and gorge-like. 

Erosion at the western end of the island during and since the second 
period of base-leveling seems to have proceeded continuously. The result 
has been simply the mature dissection of the higher upland. The demar- 
cation between the different cycles is not expressed by any well-marked 
lower peneplane such as has been described for the north coast. That 
some of the valleys are really the time equivalents of the lower peneplane 
is suggested by the fact that they are filled with deposits of the Tertiary 
coastal plain where it now laps over the spurs of the higher upland, thus 
showing that the valleys hold the same position relative to the upland as 
the more extensive lower peneplane does further to the east. In the case 
of such a stream as the Culebrinas River, it is not possible to demonstrate 
exactly how much of the valley was cut before the deposition of the 
Tertiary coastal plain or how much afterward, for the reason that it is 
difficult to determine just how much of it was filled with the Tertiary 
deposits. The river instead of being a subsequent stream developed at 
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the base* of the Tertiary cuesta, as it appears to be, is in reality a stream 
which has resumed a former course as the limestone which buried its 
original valley was worn and dissolved away. Further mention of this 
will be made under the discussion of post-Tertiary erosion. 

The distinction between the two periods of base-leveling can hardly be 
made in the southwest comer of the island, but it is highly probable that 
erosion during the second cycle opened out two broad valleys, that of 
the Guanajibo River and the Boqueron-Yauco anticlinal valley, almost 
to their present extent before the Tertiary period. A point in favor of 
this interpretation is the fact that the Tertiary in the Yauco-Guanica 
region filled the end of the broad Boqueron-Yauco anticlinal valley. One 
large hill of coastal })lain deposits and many remnants in the form of 
basal gravels still remain. 

On Vieques the work of erosion during the second period of base-level- 
ing produced the lowland and the valleys on the east and south coasts, 
now partly covered with the Tertiary coastal plain deposits. On Culebra 
the development of the large valleys probably proceeded during this time. 
These valleys, like the ones on Vieques, have since been drowned. The 
largest, known as (Jreat Harl)()r, was formerly a coaling station for the 
United States Navy. 

In brief, the second }HTio(l of base-luveling is represented on the north 
coast of Porto Kico. cast of Morovis, by a well-developed peneplane. On 
the south si(h' of the island the same time interval is represented in gen- 
eral hy thr di'V(do|)ni(MU nf a i)olt of rug^^ed country: in the interior by 
the erosion of the ('a<ruas and Cavev vallevs ; on the west end of the 
island l)y the mature disseetion of the higher uplan<l, and hy two broad 
vallevs in the southwest corner; on Viocjues hy the formation of broad 
vallevs, since drowned, and of the lowland on the south coast: and on 
Culebra hy the excavation of valleys, later drowned like those of Vieques. 

DKrOSlTIOX OF THE TERTIARY COASTAL PLAIN 




The character of the oldland surface upon which the coastal ])lain was 
laid down and the* nature of the material deposited strongly merit careful 
consideration if a clear explanation is to be had of the features later to 
result from the dissection of the coastal plain. It is especially important 
in this case because Berkey (1915) believes there is a fault between the 
Tertiary coastal plain and the oldland on the south coast, whereas the 
present writer has come to the conclusion that all the evidence cited hi 
favor of a fault can better be accounted for on the basis of an alterna- 
iye inter] )retation. Three essential facts may be presented in this con- 
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nection. First, the Tertiary coastal plain on both the north and south 
sides of Porto Rico as well as on Vieques was deposited in many places 
upon a diversified oldland surface, and this fact, it is belicTed, explains 
the apparent faulting in several localities. Second, the basal beds of the 
coastal plain, where deposited upon an irregular oldland, frequently con- 
taiu many boulders and gravel beds of the older rocks. Becognition of 
the origin of these gravels makes possible a better understanding of the 
former extent of the coastal plain. Third, in a few localities where the 
Tertiary coastal plain rests upon a comparatively smooth oldland the 




FiQ. 11.— TRe Inner loiclnnd n 



basal beds arc r<.'presonted bv a red clay which appears to have beon de- 
rived from the oldland. The si^ificance of these facte may now be 
considered. 

Xo part of Porto Rico shows more clearly the relation between the 
coastal plain niul the oldland than the region about Guantca on the smith 
coast. Tlie peni'nil relation between the Tertiary and the older series in 
the Yaueo-fliianien re^'iim may be understood by referring to a diagram 
(Fig. 10) and plmtographs (Figs. 11 and 12). E.'tamination of this dia- 
gram will show tliHt tlie Tertiary has Ik'cii deposited upon a very hitly 
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oldhnd, repnawnting the duMcted eutwazd pitching and of the X 
Yauco anticline. Immediatelj mtth of Yaoco the hilli an of oiTBtaUiDe 
limeetone of the older wriee aiid tbeie are orerliqqied on the ■pothoMt bj 
the Tertiary cneata. Although tbqr u« more or leas intampted by gapa, 
permitting direct aoceaa from the flood plain of the Soviui Biver aaatward 
to the Tertiary, theee oldland hills can be traced in a swinging arc aa far 
south OB Guanica. Here, joet east of the town, eome bedded votcaniea 
are associated with the limestone. They strilu northeast-aoutfawest or 
east-west and are presumably a oontinoation of the formations having an 
east-weet trend at Ooanica Central. The presence of a large hill of Ter- 
tiary SB well as abundant occurrences of the basal gravels proves that this 
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valley had reached approximately its present development before Tertiarv 
time. This belief, that modern erosion changes are not to any consider- 
able degree accountable for the preaent size and shape of the older series 
hills, but that they are simply being unburied of their Tertiary cover, is 
abundantly strengtliened by a study of the district adjacent to Guanica 
Central. At Guanica Central the oldland hills can be seen actually 
eraergiog from beneath the coastal plain, and on their flanks there still 
remains a coating of chalk, attesting the recency of their unburial. This 
deposit may be seen at the base of the crystalline limestone hill near the 
stone-crushing plant of the Guanica mill. Kearer to the Guanica Central 
the coating left upon some of the dark older series volcanic rocks appears 
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like a sheet of placer or whitewash only a fraction of an inch in thick- 
ness. There are numerous other localities where the irregular character 
of the oldland surface may be readily observed. For instance, just back 
of Ponce to the northwest there is a group of hills representing an iso- 
lated part of the Tertiary cuesta. It is separated from the oldland by a 
narrow inner lowland not more than half a mile or a mile wide. On the 
north side of the miniature inner lowland the irregular hills of the old- 
land are as high or even higher than the cuesta face. The beds of the 
Tertiary coastal plain are in no way disturbed along the cuesta front. 
They are primarily chalky in character, with few fossils, and belong to 
what Berkev has termed the "Ponce chalk beds." The flanks of the old- 
land hills facing the lowland are covered over with loose coral heads and 
soil, but on the summit the older series rocks are abundantly exposed. 
The inference drawn from these facts is that the Tertiarv was laid down 
upon an irregular oldland surface and that the hills nearest the cuesta, 
having been most recently stripped of their Tertiary cover, represent ap- 
proximately the oldland surface at the time of deposition. If this is true, 
there is good reason to expect to find in places an abrupt transition from 
the Tertiary bods to the older series, thus simulating in the field condi- 
tions which commonly accompany a fault. Not far from Ponce, on the 
road to Adjuntas (K 4.8), a natural section is provided by the Canas 
River, and there one may see a sudden passage from the horizontal chalky 
beds of the coastal plain at the south to the dark oldland rocks at the 
north. The actual contact is more or less confused, but on either side 
within short, horizontal distances the older and tlie younger series are 
well displayed and there is no disturbance in the bedding of the latter. 
This is one of the localities which Berkey cites as evidence for a fault, but 
the writer is convinced that the abrupt transition is due to the irregular 
character of the oldland surface. Mention may be made of still another 
place on the south coast. Along the road between Ponce and Penuelas 
(K 10), just before it comes out on the face of the cuesta, conditions 
indicating a sudden change from the coastal plain to the oldland are re- 
peated and additional facts of interest are observed. Berkey bases his 
reasons for placing a fault at this point upon the abrupt contact, the 
inclination of the Tertiary strata, and the drag of the beds. These latter 
features, the writer believes, have been brought about by the collapse of 
underground caverns and the development of sink-holes, which are of 
great abundance in this locality and are especially liable to form along 
the contact of the Tertiary and the older series. The character of the 
Tertiary here, limestone beds alternating with fine older series gravels, 
is in keeping with the belief that the Tertiary was laid down very close 
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to the older rocks and militates somewhat against the assumption that 
faulting of any considerable throw has occurred. 

On the north side of Porto Rico the irregularity of the oldland surface 
is of two kinds. In the eastern part, Vhere the coastal plain rests upon 
the well-developed lower peneplane, an occasional monadnock occur?. 
Against these monadnocks the coastal plain deposits now abut abruptly 
or have only recently been stripped away. Four miles southwest of Tea 
Alta (K 4, Toa Alta-Corozal road) the cuesta stands directly over a 
monadnock of the oldland, whose surface still preserves remnants of the 
Tertiarv limestone isolated from the main mass. The second tvpe of 
irregularity is that found further west, as in the Lares region, where the 
coastal plain extends so far inland as to bur}' completely the lower peuc- 
plane and to cover partly, or even entirely, the spurs coming down from 
the liiglier pcneplane. Where the coastal plain reaches so far as to re**t 
upon the surface of the higher peneplane the thickness of the (k»j>osits is 
slight. Where it fills the old valleys between the oldland spurs the thick- 
ness of tlie deposits is great. The present streams are apparently n*- 
exeavatin^r the old valleys by a process of subterranean erosion beneath 
the limestone. 

On tlie island of Vie<iU('s the coastal plain rests upon an oldland of 
decidcMl rclii'f. At the eastern end the Tertiary is represented as a low 
cuesta wliiili, if continued westward across the small inner lowland. 
Would aliut al)rn{)tly nLTuinst the older series hills, while on th<» south 
coast the remnants of the Tertiarv now form islands in havs of the ohl- 
land, as is the ensr at Chiha Bay. 

The fact that the hasal Tertiary contains boulder and gravel beds of 
tlie oldhmd rocks is worthv of attention, because it is the basal remnants 
which frecpiently provide a clue to tlie fonner extent of the coastal plain, 
and unless their character is recomiized thev mav i)e mistaken at first for 
more recent flood-plain *rra\els. Two miles south of Yauco, in the valley 
of the Rio Yauco (near the American Kailroad bridge), the basal Ter- 
tiary is exposed along the carreterre. There is evidence that gravels of 
material from the oldland rocks are prominent as an element in what are 
undeniahlv basal beds of the Tertiarv coastal plain. In the road cut are 

4 •J 

shown th<' long worm-tubes, so common in the Tertiarv, on both the north 
an<l south sides of Porto Rico as well as on Vieques. These occur in 
]>osition, are sometimes IS to 20 inches in length, and always taper up- 
ward. The fact that they are vertical, in spit(^ of the pronounced soutli- 
ward <lip of the heds. argu(\s that there was little or no tilting of the 
strata <lurin;«^ uplift, and that the ImhIs were deposited in an inclined posi- 
tion upon the sloping surface of the oldland. On many of the rolling 
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hillsides and in the road cuts around Yauco there are exposed very coarse 
gravels, which have a superficial aspect much like those of the present 
alluvial flood plains. These are unquestionably basal Tertiary, and sug- 
gest that the conditions on the south coast at and just before the begin- 
ning of Tertiary deposition were similar to those of the present. The 
best and most accessible occurrences are along the main road just east 
of Yauco and for several kilometers on the road to Guanica. The gravels 
in several places seem to fill pockets in the same manner as does the 
alluvium of the modern streams. The presence of the basal Tertiary 
throughout the valley of the Susua River (Fig. 17) indicates that the 
oldland hills south of Yauco were at one time completely buried by the 
coastal plain. 

Just east of Juana Diaz the basal Tertiary contains beds of oldland 
conglomerates alternating with fossiliferous layers. This is a country 
locally of rolling hills of the older rocks, and while exact contacts wero 
not observed one would infer, with considerable assurance, that the basal 
Tertiary occurs as patches upon and in the depressions of this older sur- 
face. On account of the obscure effects which these basal Tertiary de- 
posits exert upon the topography, the observer is very liable to under- 
estimate their extent, and in mapping the region is aj)t to consider most 
of it older series. For several miles along the road west of Juana Diaz 
the l)asal Tertiary gravels occur. Casual observation would place them 
with tlie coarse <rravels of the present flood-plain deposits, thougli they 
are sntMcientlv ditferent in character to he more or less readilv distin- 
<ruished. The l)eds in which thev occur are usuallv wliite or ofrav chalk 
and tlie l)oulders themselves are much more weathered than those of the 
present streams. On the north side of the island, about a mile ejust of 
!Moca, on the Lares road (K 7 to K 10), many exposures of a heavy con- 
glome^rate of the older rocks are to be seen. These are remnants of the 
basal Tertiary which filled valleys of the oldland. They are extremely 
well weathered and in places (as at K 12.1) have the appearance of a 
soil derived from the decay of the older rocks. Close inspection, however, 
reveals the fact that the apparent residual soil is in reality made up of 
bedded conglomerates, with boulders varying in size up t« two or three 
inches in diameter. At the base of the Tertiary cliffs (Fig. 13), on the 
eastern end of Vieques, there is a thick bed of oldland conglomerate. 

In all of the places which have just been described the Tertiary coastal 
plain rests upon an irregular oldland and its basal beds are made up of 
conglomerates derived from the older rocks. In contrast with this there 
are jdan-s wliere the coastal plain has been deposited ui)on a very smooth 
oldland surface, and in such places the basal beds are reddish clays with 
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no Ijouldt-Tb. Topo^aphimlly the ^ITect in thoMi placrs bus Itct^n the 
velopmcnt of more or Wse I'Xteusive flit ftreua wbcn; U>e niorM j$iilublu o 
lying liuii-stunc-a htvi* bet-n rwmovwi. Such features are to be sM>n 
twoen Bavanion and Hio Piedras oq tbe nortJi coast. In iio otbcr par 
Porto Hico hae tbe Tertiary been deposited upon *uch an cvt-n surf 
Most uf tlic innor lowland is a Ktrippi^l jiart of the lowt-r pi.-iirplanr 
UxK u divtiiiot »i'awiird #lo)>f ami mmiatinucks upou it are rare. Ttw h 
clayey layora of the Tertiary coastal plain upon whicJi the flat tracts 
developed cover a part of thi.' inner Inwlnnd adjait'iit to i>x>lalfd rcnuu 
of tbe Tertiary caesta. 




fh of Yauco, along (he Ovantra road 



It is probable that the coastal plain deposits never arched entirely o 
tbe oldland. The occurrence of beds of small gravels, derived dire* 
from the older sories at intervals throughout the coastal plain depo 
and the abundant clay content of the coastal plain limestones, make 
seem likely that a large area of the oldland remained continuously sub; 
to erosion. The belief that the coastal plain did not reach over the wl 
island is also substantiat«d by the abrupt termination of tbe coastal pi 
deposits against the lower slopes of the upland mass, especially on 
south side of the island. 
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UPLIFT AND DISSECTION OF THE TERTIARY COASTAL 

PLAIN 

Character of the Uplift 

The uplift of the oldland which brought, the Tertiary coastal plain 
above sealevel appears to have been greatest in the western part of the 
island in the region approximately between Lares and Yauco. This is 
indicated by the fact that near these two places, on the north and south 
side of the island respectively, the north coastal plain and the south 
coastal plain attain their highest elevations and at the same time reach 
farthest inland. On the north coast stratigraphic studies by Hubbard, 
as well as those by Sommes, show that the lowest coastal plain beds in the 
Lares district (the Lares limestone, lower Oligocene) stand at an eleva- 
tion several hundred feet higher than the lowest beds further east in the 
vicinity of Corozal, although the latter are of a higher geological horizon 
(upper Oligocene). This indicates not only a greater uplift of the island 
in the Lares region than further east, but also suggests that the Lares 
area stood at a lower elevation at the beginning of Tertiary deposition. 
Li other words, it appears that the Lares region was uplifted some 500 
feet or so higher than the region around Corozal, some 35 miles eastward. 
A warping of this amount would give to originally level strata a sloj)e of 
much less than a degree. The warping of the coastal plain, then, while 
having hardly any effect upon the attitude of the coastal plain beds, has 
lifted above sealevel a much greater extent of the coastal plain in the 
western part of the island and a progressively smaller area toward the 
east. The dip of the coastal plain beds is one or two degrees toward the 
north awav from the oldland on the north side of the island. An incli- 
nation of this amoimt may readily have been the original inclination of 
the beds at the time of deposition. In fact, on the south side of the 
island beds having a dip of five to ten degrees apparently preserve their 
original angle, for they are traversed diagonally by worm-tubes, still 
standing in the vertical position of growth. Therefore it is unsafe to cite 
this northward dip as due to the greater elevation of the oldland. It 
would appear more reasonable to say that the oldland and the coastal 
plain portions of the island were uplifted uniformly above the sea, but 
that the western part of the island suffered a greater elevation than the 
eastern. 

While a differential uplift appears to offer the best explanation, it 
nevertheless may well be argued that the coastal plain was not warped 
during uplift but that its various dips are the initial dips of deposition 
due to the fact that the plane upon which it was laid down was not a 



328 SCIENTIFIC SURVEY OF PORTO RICO 

horizontal one. In other parts of the world marked dips have been taken 
to indicate warping but 'there is a tendency among geologists to give 
credit to the belief that in such places the strata were laid down on slop- 
ing surfaces which were uplifted with little or no warping. The dome- 
like form of Wisconsin, for example, may be due to the fact that the 
sediments were deposited upon a buried dome which was later uplifted 
uniformly. The fact that a younger formation stands at a lower level 
than an older one a few miles distant does not necessarily meaxi that 
warping has taken place. 

Assumed Factltixg 

A problem of especial interest in connection with the uplift of the 
coastal plain is the question of faulting between the oldland and the 
coastal plain on the south side of the island. Berkey has studied this 
locality, anil finds evidence which justifiejl him in placing an east-west 
fault running approximately from J nana Diaz to Peiiuelas (see map in 
his report). This matter, therefore, engaged a good share of the writer's 
attention, with the result that lie came to a radically different conclusion, 
as has already been mentioned. An explanation of some of the evidence 
offenMl bv Berkev is entered into more fullv in other sections of thi? 
report, wliere it ap])ropriately finds a j)lace; but for the convenience of 
the reader, the wlioie ariruincnt is here brought together in brief form. 
First of all. InTkev cites the abrupt maimer in which the coastal plain 
de[M)sit of the south coast suddenly terminates against the oldland mass. 
He notes this relationsliip a few miles nortli of Ponce on the Ponce- 
Adjuntas road (K 4.8), and near Penuidas (K 10) on the Ponce-Penuelas 
road, as well as in the valley of the Jacaguas River, just north of the mili- 
tary road at Juana Diaz. Since abrupt changes of this kind are the rule 
wherever a coastal plain has been deposited upon an irregular surface, 
evidence of this charaeter can not safely be cited as a proof of faulting, 
and it has been shown that this is distinctlv the case on the south coast 
of Porto Rico. A careful studv was made of the above-mentioned local i- 
ties, as well as of nianv others, and the conclusion was that in each case 
tho abru))t ]>assage from the coastal plain formations to the rocks of the 
oldland is due to tbe irregular surface of the oldland upon which the 
coastal plain strata were laid down. In the second place, Berkey refers 
to tbe ^'total failure on the south side of the island of the topograph v 
charaeterizinir the change of formation as noted on the north side of tho 
island.** ^ He j)resumably refers to the well-ilefined cuesta and inner low- 
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land of the north coast. It is true that on the south side of the island the 
cuesta is not so continuous a feature, but by no means is it entirely lack- 
ing, and- if it appears vague in places this is always due to the irregular 
oldland upon which it rests. Finally, Berkey notes the existence of 
*^crush zones, slight folding and drag'' in the strata of the coastal plain 
deposits near Penuelas (K 10) on the Ponce-Penuelas road, and the pro- 
nounced tilting of the coastal plain beds a mile southwest of Juana Diaz. 
All of these disturbances are extremely local and, in the writer's opinion, 
are due unquestionably to the collapse of the beds about sink-holes. These 
are very common features and exert a marked effect upon the topography 
in both localities cited. A more thorough discussion of this point is taken 
up in a subsequent part of this report. 

Dissection' of the Coastal Plains 

Thf Aissectioii of the coastal i)lains has resulted in a main cuesta and 
a series of more or less .distinct secondary cuestas, with otlier features of 
a belted coastal plain, on both the north and south coasts: but the drain- 
age development departs from the normal owing to the overwlu'lniing 
preponderance of limestone in the coastal deposits. An essential ])()iiit to 
be kept in mind is the irregularity of the oldiand surface upon wliich the 
limestone was laid down. This affects not onlv the relative hei^fht of the 
cuesta in different places along its front, i)ut it also exerts a control upon 
the position of underground river systems. By the collapse of overlying 
beds the subterranean channels eventually form the main drainage lines 
of the district. As the north and south coastal j)lains are isolated units, 
it is believed that a clearer presentation of the main features can be made 
by treating each separately. 

THE XORTHKRX COASTAL I'LAIX 

Normally a coastal plain when first uplifted above the sea is drained 
by consequent streams of two types — initial and extended. Since it is 
thought, for several reasons, that the coastal plain never spread much 
further upon the oldland than it does now near Lares, it is believed that 
the several master streams crossing to the coast originated as extended 
consequents. The streams that may be so designated are the Arecibo, the 
Manati, the Plata, the Bayamon, and the Rio Grande. All of these have 
their sources far back in the mountains, and those in the western part, 
where the coastal plain is highest, have cut deep, vertical-walled trenches 
beneath its surface (Fig. 14). But it is only an assumption to assert 
that these trench-like vallevs were formed in the ordinarv wav bv direct 
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down-cattut^. Wiiat seems more probaljii- lb thnt, Uiou^li at the \ 
their origin tJicso streams flowed npon the Burfac*, bd untierground 
tem was Hinn ilt-vcloiK'd along the buried vallD)'8 of tiie uldland. ' 
ultimate «>l]>ip(k' rif llic \3Vi\* abovo tlic undrTgnjuiid dminnge Iine» 
mlted in the well-forniMl taUcvs now trenching the coa^ta] plnin. 

The Tanama liivor, a tributsn* to the Arecilm, HtiU {iroecrvea a SRib 
ranean middle cDUDti' and fij>jx-ar)> lu follow u channel the complete 
lapse of whiisi- riMif liH.-' iu>l yet liien r-tTit'lv'l- The inaiii i-viileiicc in fa 
of this history of stream deTelopment is the fact that tbe old pre-Terti 
valleys of some streams, as, for instance, the Camay Biver valley eaal 
Lares, which were baried by the Tertiary depositB, appear to have b 
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rcoccupied by the present streams. This is to be not«d where the strea 
enter the cuoata face and pass from the stripped upper portion of 1 
valley into that part still filled with limestone. It is inferred that 1 
underground portions of such streams as the Tanama and the Cam 
rivers are following the old buried valleys. These streams are similar 
origin to the "resurrected" streams of the southern states described 
McGee (1891), In the eases cited by McGec, however, the old valli 
were covered over by only a shallow deposit and the streams upon \ 
retreat of the ocean had no diflBculty in finding their earlier channels. 
the Porto Rico case the valleys were completely filled, and it was only I 
inability of the filling material to withstand solution by water seepi 
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along the buried channels which resulted in the resurrection of the orig- 
inal valleys. The Culebrinas River is another example of a resurrected 
stream. Its course appears to follow an old drainage line and cuts diag- 
onally across the coastal plain formations, thus truncating several cuestas. 
Its tributaries have stripped away all of the Tertiary on the southern side 
of its valley except the few isolated remnants in the Aguada region. Part 
of its broad valley, therefore, fimctions as an inner lowland, but the 
stream itself can not be classed as a subsequent stream, at least in refer- 
ence to the coastal plain.* It was indeed originally subsequent if it is 
presumed that its course was determined by less resistant members of the 
old land rocks. 

Whether there are anv streams to be definitelv classed as initial conse- 
quonts upon the coastal plain it is difficult to say, but presumably the 
C'edros as well as the shorter streams along the coast are examples. As 
for large, well-defined examples of typical subsequent streams developed 
on the coastal plain, one must doubt if there arc any. Two tributaries of 
the Arecibo, the Caguanitas and the Limon rivers, might appear to hold 
such a position, for they flow at the base of a cuesta. But their gorges 
are cut so deeply into the older rocks as to make it unlikely that all this 
cutting took place in post-Tertiary time, especially since the limestone 
cuesta has retreated hardly any from their valley sides. It is more prob- 
able that these are also resurrected streams which have succeeded in re- 
gaining their old courses by the removal of the limestone wliieli buried 
them. The best and about the only examples of subsequent streams devel- 
oped upon the north coastal plain are the Guatemala and other minor 
tributaries to the Culebrinas between San Sebastian and Moca. These 
have been developed upon the Cibao limestone between the two cuestas, 
and have succeeded in opening out a large subsequent lowland, larger than 
any other lowland developed within the limits of the coastal plain. It is 
also believed that short east-west trending sections of the Guajataca River 
are subsequent in origin. 

THE BELTED CHARACTER OF THE COASTAL PLAIN 

The coastal plain on the north side of Porto Rico may be concisely de- 
scribed as a belted coastal plain gradually increasing in width from the 
east, where it occurs only in patches, to its broad western end. Ijct us 
amplify this picture by a description of each of the successive belts. 

The inner lowland, — Normally the innermost belt of a coastal plain is 
its inner lowland. On the north side of Porto Rico an inner lowland ex- 
tends eastward from Morovis. East of San Juan remnants of the coastal 
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plain are almost entirely lacking, but the rolling coastal country all the 
way to Eio Grande and Luquillo is simply a continuation of the inner 
lowland further west. In reality this inner lowland is the stripped sur- 
face of the lower peneplane, which has already been described. It is 
therefore rather a part of the oldland tlian of the coastal plain. In places, 
liowever, it apparently still preserves remnants of the lowest coastal plain 
deposits. This is the case between Bayamon and Rio Piedras. Here the 
usual rolling surface of the inner lowland gives way to rather flat ex- 
panses of country. When these distinctly flat areas are dissected by 
streams, as, for instance, in the case of the Bayamon River, and further 
east as well, they have the aspect of alluvial terraces. The best preserved 
portions of these basal beds appear to be tliose areas closest to the rem- 
nants of the cuesta. Between Ciales and Lares no inner lowland appears 
and the inner cuesta rests upon the spurs of the rugged oldland. West of 
Lares the open lowland drained by tlie Culebrinas River system- functions 
as an inner lowland. The Culebrinas River flows toward the northwest 
and trinicates the east-west cuestas and belts of the coastal plain. Ther'^- 
fore its valley is not a true inner lowland. Riither, as previously st^itiMl, 
the river a[)pears to liave resumed its course on the oldland, which was 
buried by the coastal plain — that is to say, it is resurrecting its biiriod 
channel. The fact that its course follows the general strike of the older 
rocks and that it has no r<»lati(»n whatever to the weaker beds of the coastal 
plain hilars out this intcrjuvtation. 

The Lares limcsfouc cucsfa. — The southernmost or inner cuesta is de- 
velo])e(l u])()n tlie Lares limestone, a massive formation which gives ri<e 
to ex(ve(lin;:ly ruggiMJ, hilly topography. The hills are close-set, 100 to 
•^00 feet high, and dominate the cuesta from Lares to the region about 
Morovis, east of which point the main cuesta is somewhat less pronounced 
and more discontinuous. Where this belt exhibits its maximum width, 
in the Lares region, it is only about two miles wide and is the narrowest 
of the chief belts of the coastal plain. At Lares the cuesta face is a strik- 
ing topographic feature, liaving in places an absolute elevation of about 
1800 feet above sealevel. It stands 500 to 000 feet or more above tlie 
floors of the valleys at Lares, but where the cuesta rests upon the spurs 
of the oldland it has a face measuring only 100 to 200 feet in height. 
Thnmghout its extent the cuesta face cuts through the conical hills which 
happen to stand at its edge, and the resulting cliffs, exposing a cross- 
section of the almost horizontal white limestone, are perfectly vertical 
and usually bare of vegetation. From Lares to Ciales the cuesta has the 
same general aspect. Its crest-line is irregular and the white cliffs mark- 
ing its front are ccmspicuous at long distances. Conical or irregular hills 
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typify this belt. They appear to be the remnants of a continuous surface 
left after the collapse of underground cavities^ brought about by the ready 
solubility of the massive limestone. The hills are always small in areal 
extent. The depressions between them are usually without drainage out- 
lets. Toward the north the hills of this belt become lower and gradually 
disappear where the Cibao limestone, which is soft and shaly, overlaps 
them ; but the tendency to form conical and irregular hills can actually 
be seen in the sides of valleys cut below the rolling country of the Cibao 
limestone into the underlying Lares formation. 

The Cibao limestone lowland. — The next belt to the north is technically 
a lowland. Actually it has the aspect of a rolling plateau. This lowland 
belt is three to four miles wide and may be traced from between San 
Sebastian and Moca eastward to Morovis. In its eastern portion it ap- 
pears to develop a series of minor cuestas, as may be seen in valley sides 
of the Manati River and along the Morovis road. The general aspect of 
this lowland belt, however, is that of a plain, sometimes deeply incised by 
streams, but almost always devoid of the numerous haystack hills which 
characterize the belts to the north and to the south. The limestone 
(Cibao limestone) making up this belt has a tendency to develop flat 
benches or terraces along the walls of streams which have cut below the 
surface of the plain. Benches of this kind are due to differential erosion 
upon the members of this formation and are distinct features in the walls 
of the valley of the Manati River. Two of these, an upper and a lower 
i>ench, the one standing a hundred feet or so above the other, are espe- 
cially striking. They slope perceptibly toward the north, where they dip 
below the next higher hill-forming beds. The western end of this low- 
land belt between San Sebastian and Moca has been reduced bv the 
Guatemala and other minor tributaries of the Culebrinas to a decidedly 
lower level. 

The Los Puertos limestone cuesta, — The fourth belt consists of rugged 
and bold hills, limited on the south bv a distinct cuesta face which looks 
down upon the lowland just described. It may be traced all the way from 
Moca to the Arecibo River. Further to the east the cuesta face becomes 
less defined, but the belt of hills persists. The formation responsible for 
this belt is the massive Los Puertos limestone. Its pure character has 
encouraged the development of caves and sink-holes. The depressions 
are much larger than those in the Lares belt and, as Hubbard has pointed 
out, frequently occur in a series trending toward the ocean, as if induced 
by well-formed underground drainage liiies. The hills are high and 
rugged and angular in outline. Their aspect is often that of the mesas 
and buttes of the southwestern United States, especially where they are 



ft little Bei apart from tbfir neighbors. In the miiUt of the hiiU die " 
broad, flat-floored depimuom, aonmUmm Mnsal aov is csten^ ^im 
ooTered, and valjed in l^ iaf^ and ra^ad UauttOM difli^ xUt m the. 
InxuTiance of tropical rtgiAitiaa, an ^otorMqaa i& tiw eitzWML 

TAs C«<«6»<I»II« iMtwtoM ImntMd^Kext to tiw aota and iiihawliin 
to the coast ia a broad lowland or {dain, in laq;« part iimliawiiwiT T*i" 
the other lowland to ttie aon^ tbia one abo haa tin tmptet of a platen 
because \>t the canTon-lika natore of &e atnaa oiimaaa lAiok tnemkm- 
ally break its Bortace. It forms a belt fln mika in vidtti ia Ham ihmIhii 
part, becoming Bontewhat narrower and mtKre direiaifled toWKtd tta aart 
tmtil the Aredbo Binr is readrad. East of this ptnnt the am ntwiupi a i 
plain-like character entirely diaappears and the nffoa ia ma^ xnp of 
luystack hills and intervening flat expansea. Hnh^ard has assigned the 
.term Quebradillas limestone to the strata re^KXisiblr' [i.ir this topographic 
belt. At the weatem end of the island this rolling i»At fxtends along tiie 
coast from AgoadilU around to Camay in a fine rtrotch of wavc-eut elitTs 
approximating SOO feet in eleTation. Thron^Hut most of their extent, 
however, the cliffs are at the present time protected against wave attack 
by narrow beaches. Between Hatillo and Arecibo the liilly back country 
slopes gradually seaward and the wave-cot difl is usually not present. 
In the western part of this lowland belt, as in (he rogioii between Agua- 
dilla and Isabella, shallow depreseions or sinka, frequmtlv holding small 
ponds, abound. Even when no water is visible, the fact that these dapiM- 
sions serve to collect water ig attested by the presence of large treea gnv- 
ing in them. Elsewhere the landscape is open and presents the upeot of 
a rolling plain. 

SPECIAL FEATDRE8 OF THB NOBTH COASTAL PLAIIT 

To divide the eastern portion of the north coastal plain, in general that 
part east of thS Manati Biver, into belts such as have jnat been described 
is not expedient because the haystack hills become such prominent fea- 
tures throughout, whereas in the western part of the coastal plain the 
haystack hills were most numerous on the cuesta- forming belts and were 
infrequent on the intervening lowlands. In the eastern part of the coastal 
plain the entire country is characterized by the presence of the haystack 
or pepino hills. 

There are two elements in the landscape (Fig. 16), the hills and the 
flats. Locally the proportionate area involving each form varies from 
100 per cent hills to 100 per cent flats. Practically all the features of 
the limestone district owe their presence and form either directly or indi- 
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rectly to the prevailing tendency toward underground drainage. Caverns 
and sink-holee form everywhere. At first the depressions are small in 
area, with rough, irregular bottoms and no outlets; but as further collapse 
of their walls takes place, and as the roofs of adjoining caverns give way, 
separate sinks become connected and the floors widen out and become flat. 
It may happen that the floors of adjacent depressions are not at the same 
level because the underground solution is controlled by more or less 
unevenly distributed ahaly beds in the limestone. Berkey thus explains 
the discrepancy in level between adjacent depressions as well as the ter- 
races which prevail where more extensive flat areas have been opened out 
between the hills. As the sinks widen, the angular-shaped hills remaining 
isolated upon the flat plains have a close resemblance in form to the mesas 
and buttes of the western United States. But when they are further re- 




Fia. 15. — Open hau»tack 6ell teliewn Barceloiieta 



duced in size a softer outline is assumed and then they become typical 
haystacks, occasionally quite conical in. form. 

One of the extreme stages, that in which the flat areas so predominate 
that the hills are only rare and therefore conspicuous features on a more 
or less level plain, is represented in the region around Bayamon. Be- 
tween this point and Rio Piedras there are stretches of country exceed- 
ingly flat, at least in proflle view, but they have suffered moderate dissec- 
tion and often have the aspect of a terrace above the observer. Traced 
to the south, these flat expanses imperceptibly become more and more 
irregular and the rocks of the older series begin to outcrop. In fact, 
these flats merge with the rolling topography of the lower peneplane. 
Throughout this region and on the road to Guaynabo the flat tracts above 
the streams are planted in orchards of oranges and grape-fruit, and occa- 
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aionally cultivated for pioeapples. The description of the haystack hill^ 
and the accompanying flats just given for the eastern part of the coastal 
plain applies equally to those belts in the western part where the huv- 
stacks prevail. Ad unuBual feature and one of more than ordinary iu- 
terest results where the waves of the Atlantic have pushed back the high 
cliffs near Quebradillas to such a point as to bring the coast next to one 
of the open flats. A marine-cut terrace is thereby simulated (Fig. IG). 
The slope of the terrace surface is toward the north and conforms with 
the slight dip of the Tertiary beds. An observer noting this feature for 
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the first time will immediately assimie that it is due to wave planation, 
when the land stood at a lower level. But after having become familiar 
with the flat stretches described above, and having noted their character- 
istic development throughout much of the area immediately to the south 
of Quebradillas, he has no difficulty in assigning to the apparent wave 
bench a similar origin. If differential erosion has been the factor in 
forming this terrace, similar terraces would be expected along the sides 
■of valleys cut in the Tertiary coastal plain. Such are to be seen in their 
t development along the Manati River, and have already been described. 
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ISOLATED REMNANTS OP THE TERTIARY 

East of San Juan the remnants of the coastal plain are small and in- 
frequent. There is a group of hills just east of the highway between San 
Juan and Rio Piedras^ and an east-west trending row of hills northea.'^t 
of Carolina, entirely surrounded with alluvial deposits. These are con- 
spicuous features in an otherwise monotonous landscape, and their alti- 
tude, although inconsiderable, suggests that the coastal plain formerly 
extended much further south over the flat rolling country between Caro- 
lina and Rio Grande. Whether a greater amount of material has been 
stripped from the oldland in this eastern end of the coastal plain than in 
the western part it is impossible to ascertain ; but it does not seem un- 
likely, inasmuch as there is a greater precipitation in the east. 

THE SOUTHERN COASTAL PLAIN 

Eastern portion, Jxiana Diaz to Yauco, — Even more than on the nortli 
side of tlie island, the coastal plain on the south has been cut into blocks 
by transecting streams. In the eastern part between Ponce and Juana 
Diaz the valleys of the streams crossing to the south are wider than the 
remnants of the coastal plain remaining between them. The coastal plain 
remnants stand up as isolated masses of hills, more or less flat-topped 
when seen from a distance, and with a gentle southerly slope. Their 
bases appear to be buried in the alluvium of the river flood plains. At 
close range the contrast between the steep cuesta front and the gentle 
back-slope is not evident, but from a commanding viewpoint the land- 
scape resolves itself into the customary orderly elements of a maturely 
dissected coastal plain. There is good reason to believe that the Tertiary 
in the region between Ponce and Juana Diaz was laid down in a former 
bay in the oldland. The deposits filling the head of the bay have since 
been stripped away and their place partly taken with alluvium. The re- 
sulting flat-floored inner lowland looks like an estuary extending back 
into the foothills of the oldland (Fig. 17). The character of the deposits, 
which as noted by Berkey are more shaly in this region, is in accord with 
the assumption that the Tertiary beds were laid down in an estuary in 
the Juana Diaz region, an estuary which received the waters of the Jaca- 
guas River. The streams coming down from the oldland have swift and 
turbulent courses, with frequent falls and rapids over rock ledges, until 
they emerge from their comparatively narrow valleys and flow out upon 
the flood plains of the open valleys in the coastal plain province. 

Part of the city of Ponce is built on the southern slope of a block of 
Tertiarv hills lying between the Portugues and Canas rivers. On its 



nortli iii<1<> tliiB block displays a well-defined nicsta f&ot overkKiking'l 
inner lowland, which ha£ here narrowed to a valley not more llian a tuilf 
wide. At oiic point a diftlDOt notch interrupts iht; face of the cneeu. 
Cummuiiicnting with this notch on the hack slope of the cuc^ta is b wind- 
ing valley, now tinoccnpied by any stream. This valley was apiwrvat).^ 
formed by one of the extended conM^quent ^trcume cro«gin<: the cuaaul 
plain. Tliut it was uecupied by a Blream coming down fmm the uldhuiil 
is atti--sted by the tat^t tiiat in iU bed well-rounded boulders uf the older 
rocks occur. This would (Suggest that the diversion of cousoqQeiit stTvaiuo 
has bwn ofTect<?d b\ thr siiliMt-iiuerU ilminage ccirupving ihe innpr lowUitd. 
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At the present time the floor of the inner lowland has been cut down 100 

feet below the floor of the abandoned valley crossing the euesta. Just 
west of Ponce the Tertiary remnants become much larger. The surface 
of the blocks, while having a general southward slope, is eieeedingly 
irregular. The cuesta between Ponce and Penuelas is usually very well 
defined, but, as previously demonstrated, the irregularity of the oldlaud 
surface upon which the Tertiary was laid down is occasionally account- 
able for a failure of the customary features. 

The road from Ponce to Penuelas runs for a considerable distance on 
the face of the well-defined cuesta, continuing thence along the inner low- 
land to Yauco. The cuesta is interrupted between Ponce and Yauco by 
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the gorges of several exteoded consequent rivers coming from the oldlaud. 
At Tauco it loses its sharp character because erosion exposes the irregular 
oldland hilla upon which it rests, though its face can be seen all the way 
to Quanica, where it becomes steep and imposing again. 

Western portion, Quanica to Cape Rojo. — The topography in the re- 
gion about Goanica has been previously discussed. It is interesting to 
add that in a minor way the coastal plain remnant southwest of Guanica 
displays a belted character. Two cuestas occur. The two ends of the 
small subsequent lowland intervening between the outer and inner cuesta 
are now drowned to form Pardas Bay on the east and Salinas Cove on the 
west (Fig. 10). 

An idea of the fragmcntar)' extent of the coastal plain in the south- 
west corner of Porto Rico may be gained from the map. All but the 




Fifi, 18.—Tht Tertian/ coatlat plsfn lapping upon loathem flank of Vaylqulla Hill 
View natwanl acrora Suds Bay nesr Capo Kojo. 

westernmost remnants show a distinct cuesta (Fig. 18). The Morillos 
de Cabo Rojo and the islands forming Point Aguila are low remnants of 
the coastal plain formerly cut off from the mainland as a result of drown- 
ing, but now attached to it by a beautiful series of connecting beaches. 

Sink-holes and the question of assumed faulting. — The question of 
underground drainage and the sagging and collapse of cavern roofs ac- 
quires undue physiographic importance because the resulting deforma- 
tions of strata have been ascribed by Berkey to major faulting. Several 
lines of evidence have been cited by Berkey as seeming to favor faulting 
between the Tertiary and older series on the south coast. They have been 
briefly presented and discussed. It is the intention at this point, how- 
ever, to dwell more thoroughly upon the matter of "crush zones, slight 
folding and drag," noted by Berkey in the strata of the coastal plain near 
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Penuelas, and the prononiiced tdltiiig of the beda a mile southwest of 
JuaDA Diaz. The deure here is to show that these deformatioiis are all 
local in character and are doe to the sagging and bending of strata dur- 
ing the fonnation of sink-holes. 

Sink-holes are of common occurrence on the south coastal plain. The 
coesta face between Penuelas and Ponce and much of ita back slope ie 
surmounted by hiunmocky and conical hills, suggesting in some degree 
the bills on the cuesta front at Lares. Depressions without outlets are 
common. There are also many large depressions which serve as con- 
tinuous drainage lines for inaequent as well as for consequent streams, 
and appear to have lieen originally subterranean channels. Abundant 




sink-holes and liaystaek hills are characteristic of tlie region between 
Ponce and Penuelas (Fig. 19). 

Careful observation of the dips of the limestone along the road between 
Ponce and PeiiuelaB lead to the following generalizations, which appear to 
be well founded : 

1. Tiie (lips have no uniformity in direction and are constant only for 
very short Jisfrtiiecs, although the general dip of the formations is to the 
south. 

2. The local dips are invariably toward a depression. 

3. The dips along the cuesta front are just as variable as elsewhere and 
for the same reason. 
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4. The angle of dip is rarely over 10 or 15 degrees. Where the sink- 
holes are large the dips are gentle, but the tilt of the beds may be very 
marked where Hie depression is only a few yards across. 

The usual appearance of the gentle dips is shown in Fig. 20, a view 
near the cuesta front at K 9.5-6 on the Ponce-Penuelas road, looking 
northward toward the oldland. The dip here is 9 to 10 degrees toward 
the north, a direction not compatible with the idea that the older series 
had been faulted up. The dip in this case ia toward the center of a large 
depression. In the field its relation to the depression is readily. noted. 




Let us now turn to several localities which deserve closer attention. 
The first of these is near K 10 on the Po nee- Peri ue las road. Here the 
Tertiary beds lie in a highly tilted position upon the older series, as if 
they had been dragged into that shape by an upheaval of the older rocks. 
Perliaps the best way to acquaint the reader with the situation and at 
the same time present the writer's interpretation of the facts ia to refer 
to the accompanying diagram, which is drawn from sketches made in the 
field (Fig. 21). The interpretation is comparatively simple. The col- 
lapw of a cavern has taken place just at the point where tlie Tertiary 
ri'.'^is upon one of the hills of the older !M?ries. This is to be expected 




alooj^ tlK> conUvt beooKt.' hi-n* andef- 
i;r<>utiil draiuaRe is likely to bo cooeta- 
trated. A» coUapw took place the Ter- 
tiary heds were dragged (lovn, «iinalat- 
iug in every way truo f8.u)tiDg. The 
extent of the Klippinj; at tins particular 
point is extrpmrly local, not mow than 
a fi-w fei't. The whole phi^noinenoti. 
without tlir presenw of Hie oldUnd 
hill, i^ duplicated a few feet to the 
south, a£ shown Jii the dis^ratn. 
Thronphout this section, ns el-aewhi-re. 
layers of older series gavels alt«>niale 
with the fossiliferous beds of the T<>r- 
tiary limestone, Thie ragg^'sta that 
during the depoeition of the TertUry 
the eriiaion «iirfaeea of the oldland wi;re 
in close proximity, such as would be tlie 
case if tlie Tertiary were laid down 
upon an irpegular topography. The 
aljnipt transition, therefore, fn)m the 
Tertiary to the olilland is rather w be 
expected. 

A second locality deser^-ing particu- 
lar attention i^ along the Jacftguaa 
River, just a mik southwest of Juana 
Diaz. An alnioot vertical cliff has been 
cut by the river in a high hill of Ter- 
tiary beds. Some of tlie beds are highly 
tilted, showing dips of 30 to 35 degreea. 
Because this occurrence is not far from 
tiie line of the assumed fault, Berkey 
is inclined to believe that the apparent 
uptilting of the Tertiary strata is due 
to tiie disturbance of faulting. A care- 
ful study of tliis locality, however, leads 
uic to ascribe the pronounced local dip 
of the beds to the collapse of cavities. 
This resulted in the formation of sink- 
holes on the surface of the ground. In 
this locality a uross-sectiou of one of 
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the sink-holes is provided, and it is to be noted that the beds dip toward 
the center of the depression (Fig. 22). The variation in dip from place 
to place along the section, sometimes toward the north and sometimes 
toward the south, would seem to suggest that the dip is due to local 
causes. Since it is evident that variations in dip, at least occasionally, 
may be brought about by the bending of strata beneath a sink-hole, it 
would appear unsafe to use the occasional southward dip as evidence of a 
major fault. Moreover, north of the section cited — that is, between it 
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Fig. 22. — Section of hill along Jacaguas River one mile aouthwest of Juana Diaz 
The variations In dip are due to collapse of sink holes. 

and the position of the assumed fault — the bods flatten out and become 
horizontal. In addition it is worth while to note that Berkey estimated 
a great thickness for the Tertiary at this point. He states that "for con- 
siderable distances an average dip of 30 to 36 degrees was estimated and 
the total thickness represented, based upon the width of the belt, must 
be at least 3000 feet." With this estimate I am unable to agree, and am 
therefore inclined to reduce the figure to approximately 500 feet, or 'lOO 
feet at most. 

VIEQUES 

The dissection of the coastal plain on Vieques has resulted in a well 
defined though small cuesta at its eastern end and on the south coast. 
Parts of the inner lowland have since suffered drowning. 

RECENT SLIGHT SUBMERGENCE 

General 

Most of the coast line of Porto Rico shows evidence of recent submer- 
gence. However, many of the bays which resulted from the drowning 
of stream valleys have since been filled with alluvium. Indeed, the great 
alluvial plains bordering the lower courses of the rivers constitute not 
only one of the most striking and characteristic features of Porto Rico, 
but also one of the island's most valuable assets; for it is upon these ex- 
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tensive level tracts that the majority of the ragar-cane is grown. The 
term playa aa used in Porto Bioo refers to these plains. In general, iiie 
activities of each plain center in an important village built upon it, as, 
for instance, Fajardo, Naguabo, Hnmacao, and Yabnooa. The seaports 
for these villages are, respectively, Fajardo Playa, Kaguabo Playa, Hnmt- 
cao Playa, and Yaboooa Playa, and in these cases the term playa is 
used in its true etymological meaning, referring to the shore. Baji 
not yet filled with aUuvium are the exception and are to be foond only in 
those situations where there are no large rivers to bring down mateiiil 
to the sea. This is especially true on local extremities, aa in the north- 
east part of the island on Sim Juan Point It is usual, however, to find 
such bays cut off from the ocean by a bay-mouth bar. 

That the drowning occurred since the dissection of the Tertiary is evi- 
denced by the drowned inner lowland and the drowned subsequent valleys 
eroded in the Tertiary coastal plain, as in the Guanica r^on and on 
Vieques. The effect of drowning is to be noted at the east and west ends 
of Porto Rico much more than on the north and south coasts. There an 
a number of reasons for this. First, the old subsequent valleys devdopad 
along the general cast-west strike of the older series rocks are nraidi 
and are opened out much farther inland than those formed by the 
flowing or south-flowing streams. Examples of such valleys are those rf 
the Fajardo, Kio Blanco, Ihimacao, and Yabucoa at the east end of the 
ifcilainl and the CuK'hrinas, Afiasco, and Guanajibo at the west end. In 
tlu* second place, tin* large alluvial deposits of the north and south Coasts 
have huricd many irregularities and have pushed the shoreline so far 
seaward as to disguise the effects of drowning. Third, the dissection of 
the Tertiary coastal plain on the north side resulted mainly in narrow 
valleys or left much of it intact so that slight submergence did not appre- 
eiablv alter its outline. 

ft 

East Coast 

San Juan Point is the most northeastern promontory of the island. It 
is really a complex tombolo. Owing to the scarcity and small size of the 
streams, the bays which have been cut off from the ocean by long sand 
beaches have not been entirelv filled with alluvium and the drowned 
as])(»ct of the coast is thus somewhat preserved. The entire east coast of 
Torto J{ic(>, from San Juan Point to Yabucoa, presents the usual features 
indicative of drowning, an irregular shoreline, characterized by proniun- 
tori(»s and islands. The general appearance of this part of the coast may 
be gained by noting Fig. 23. Along the stretch of coast in the southeaist 
corn(»r of Porto Rico between Yabucoa and Maunabo the valleys which 
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suffered drowning were very Bmall and have since become clogged witli 
alluvium. The headlands, and the alluvium deposits as well, arc being 
cut back by tlie waves. 

South Coabt 

The south coast from Patillas to Ponce is made up of low alluvial flats 
or else the edges of alluvial fans trimmed by the waves, so that what 
earlier evidence there may have been of drowning is now lost. There arc 
occasional hills, as, for example, at Central Aguirre, now entirely sur- 
rounded by alluvial deposits. These doubtless were islands immediately 
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aftPi submergence. West of Ponce the submergence affected not only 
some of the subsequent valleys between tlie cuestas of the coastal plain, 
but also parts of the inner lowland. Guanica Lake is apparently a 
di'owned portion of a broad valley or lowland in the oldland itself. Tt 
has since been cut off from direct communication with the sea by the 
deposits of the Susua River. Guanica Harbor is a part of the drowned 
inner lowland (Fig. 10) and Pardas Bay, as well as Salinas Cove, near 
Guanica, are parts of a drowned subsequent valley. Guayanilla Harbor 
apparently has a similar origin. The region about Parguera on the 
southwest coast exhibits further evidence of drowning in the peninsuUs 
and islands of the oldland. The Jlorillos de Cabo Bojo reprt's».'nt parts 
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ot the coastal plain di^taclied aa a rts^olt of submergeuce, but DO<r c 
iiccti^l with the mainlanil to form a complex tombolo of rare bemi^. 

West Coast 

The west coast of Porto Rico is in many respecte similar tn the east. 
The three largest rivers — the Guanajibo, Blanco, and Gulebrinas — em«TS? 
from the hills upon extensile flood plains, which are apparently alluviimi- 
aUvd I'stuaries. Boqueron Bay still displays rather distinctly its drowneil 
character. Wliether the drowning affected the entire valley from Bo- 
queron to Ouaniea it ie impossible to assert definitely, but it seems rerr ' 
likely that this was the case. Though most of the valley floor is now 
spread over with alluvium, it is very low and swampy, and the wells pat 
down through the alluvium yield water of a distinctly saline character. 
The divide between Guanica Lake and the marehes draining westward to , 
Boqueron Bay is low and in times of heavy rains covered with water, so 
that even now a very slight rise of sealevel would effect a junction betwe»'ii 
Guanica and Boqueron bays (Fig. 5). North of Boqueron Bay the west 
coast is only moderately irregular, but tliis is because the bays have to so 
Urge an extent been filled with alluvial deposits. 

NoETH Coast 

Along the north coast of Porto Kico evidences of embayment are not 
striking. 

Th£obetical Considerations 
amount and cause of sdbhebqence; olacial control 

Vaughan (1916) has made a study of the Virgin and Leeward Islsndt 
and St Thomas, to the east of Porto Rico, as well as of other West In- 
dian islands, and concludes from an investigation of hydro^aphic (diarta 
that the recent submergence in this whole region has been approximately 
20 fathoms. He notes also that "there is in the Virgin Islands and in 
Cuba clear evidence of a lowering of sealevel by about 20 fathoms, per- 
haps more, previous to resubmergence." He states in addition that in 
other places, as, for instance, off the north side of St. Thomas, the west 
side of Anguilla, the southeast coast of Antigua, and Mosquito Bank off 
Nicaragua, the similarly of submarine profiles suggests that a loverinf 
of sealevel preceded resubmergence. What caused tliiB lowering and sub- 
sequent rise of sealevel? To cite Yaughan again: "As it affects a large 
area, it appears too widespread to be explained by local crustal move- 
ments. The changes in position of strand line here noted are more rea- 
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sonably explained by a lowering of sealevel due to the withdrawal of water 
in the Pleistocene ice epochs to form the great Continental glaciers and 
the raising of sealevel after each epoch through the melting of glaciers." 
The amount of drowning, 20 fathoms^ proposed by Vaughan, agrees 
closely with Daly's estimates (1915) of the rise of sealevel due to ice 
melting. 

SUBMABINE PROFILES EAST OF POBTO RICO ; ORIGIN OF CORDILLERAS REEFS 

A submarine profile just east of Porto Rico reveals a sea floor under 
Vieques Sound standing at a depth of 8 to 16 fathoms. Much of it is 
flat, but it appears to be made up of different levels or terraces. To the 
north of the Cordilleras Reefs and Culebra Island there is a second flat 
area or bench 5 to 10 miles in breadth. This stands approximately 30 
fathoms below sealevel and is separated from the higher level to the south, 
just described, by a distinct break or submarine escarpment. Upon this 
escarpment stands the east-west trending chain of islands known as the 
Cordilleras Reefs. Vaughan has expressed the opinion that the outer 
bench represents a surface reduced by marine planation during the last 
period of maximum glaciation when the sealevel was lowered some 20 
fathoms and then submerged. The escarpment he considers a wave-cut 
cliff marking the southern edge of this bench. As for the apparent ter- 
races on the shallower flats to the south, Vaughan suggests that they may 
have been formed as a result of oscillations in water level during the 
different glacial epochs, or in places they may represent submarine ter- 
races being formed at the present time. The depth of the outer platform, 
as before stated, is approximately 30 fathoms. This depth below sealevel 
Daly (1915, p. 182) estimates as the present position of platforms cut 
and built by the waves during maximum glaciation. The essential line 
of reasoning as to how this present depth was brought about is as fol- 
lows : It is assumed that in weak materials open-ocean waves can quickly 
form a bench about 10 meters below low-water level, but that abrasion in 
greater depths is infinitely slower; that in the course of 50,000 years the 
depth of the bench surface would probably not be increased to more than 
20 meters or roughly 10 fathoms. It is also assumed, after careful esti- 
mates, that the maximum lowering of level in the tropical ocean during 
the Pleistocene was 30 fathoms below present sealevel. This amount 
added to the 10 fathoms cut by the waves would leave the bench surfaces 
now 40 fathoms below sealevel as a maximum. Variation in the strength 
of the wave attack in different localities and in the character of the ma- 
terial eroded, as well as in other factors, would account for the slight 
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variation in the present depth of the benches. As a rule, a depth of 30 
fathoms would be the average. 

No other theory has been proposed which so well accounts for the ap- 
proximate accordance in level of submarine benches at a depth of 30 
fathoms the world over. And there is apparently no other way to explain 
the escarpment marking the inner margin of the platform than to assume 
that it is the wave-cut cliff cut during the time the platform was being 
beveled. From the crest of this escarpment rise the Cordilleras Reefs. 
This line of reefs may be explained as a range of dunes capping the 
escarpment and formed of the material cut from the platform during its 
erosion in Pleistocene time. The summit of the ridge in its highest points 
rises some 50 to 60 feet above the escarpment on which it stands. The 
bed fock making up this platform is apparently Tertiary limestone, al- 
though no limestone outcrops on the immediate mainland. There is a 
marked cross-bedded structure of the limestone material composing tlie 
islands, and in general aspect they suggest dune formation. If the 
glacial-control theory is accepted, then it must be assumed that the top 
of the escarpment stood slightly above sealevel during the Pleistocene. 
Dune formation was therefore possible. In the western part of Porto 
Rico dunes of similar height are now forming. The Cordilleras Reefs 
appear to be the eastern expression of the San Juan formation occurring 
on the mainland. 

KECEXT CHANGES 

The changes which have been efTocted in Porto Rico since the period 
of drowning, though all going on simultaneously, can be most clearly 
treated as separate topics. They involve the following events or processes : 

The deposition of alluvium in stream valleys, in drowned bays, and as 
alluvial fans on the south side of the island. 

Wave and wind work. 

A probable slight emergence. 

Alluvial Deposits 

Extensive alluvial deposits form broad plains known as playas along 
the lower courses of most of the rivers of Porto Rico. These deposits, 
especially those on the east and west ends of the island, apparently fill 
estuaries caused by drowning. In the case of the Fajardo, Naguabo, 
Blanco, Yabucoa, and Maunabo rivers on the east coast and the Guana- 
jibo, Mayaguez, Blanco, and Culebrinas on. the west coast, this relation- 
ship is distinct. Undoubtedly portions of these plains are flood plains 
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developed by the widening out of the lower courses of the rivers. The 
surface of the alluvial plains along the lower river courses grades into tlie 
surface of the terraces which occur further upstream. During excessive 
rains the rivers overflow much of the playa areas. There, old courses, 
meanders, and other usual features of flood plains are to be observed. In 
occasional instances the rivers bring down sufficient sediment to extend 
the flood plain forward into the sea as a delta. But this occurs only in 
protected places where the waves and currents along shore are. weak. The 
Fajardo River entering Vieques Sound appears to be a case in point. 

Along the north and along the south coast the alluvial plains extend 
as a broad strip parallel with the coast rather than as estuarine fillings. 
However, there is a distinct contrast in the aspect of the alluvial deposits 
of these two coasts. The north coastal stretches are low and swampy. 
The plains on the south side stand considerably above sealevel. iVlong 
the north coast the deposits are often typical flood plains with almost 
horizontal surfaces. The deposits on the south coast are more truly allu- 
vial fans with a pronounced seaward slope. Practically all of tlie low 
nortli coast is fringed with barrier reefs. The waves of the south coast, 
however, have thrown up no such reefs; there the alluvial plains pass 
imperceptibly into the mangrove swamps along the shore, which shallows 
out for long distances, and only in one or two places, as, for instance, 
south of Guayama, have the quiet waters of the Caribbean cut away the 
non-resisting alluvium to form low cliffs. 

Occasional observers have suggested that the low plains bordering the 
coast of Porto Rico, as also on other West Indies islands, represent a sea 
floor recently uplifted. It is true that in isolated places there is evidence 
of recent uplift in Porto Rico to an extent of 20 or 30 feet. On the other 
hand, it is rather certain that these coastal deposits are not of marine 
origin. Old stream channels filled with gravel, combined with angularity 
of the boulders, lack of assortment, and poor bedding, indicate that they 
are alluvial fans deposited by streams. 

Most of the streams flowing across the alluvial plains of the south coast 
usually carry very small volumes of water. "Owing to the infrequency 
and small amount of the precipitation and the relatively porous charact'T 
of the soil reducing the percentage of run-off, as well as the smallness of 
their catchment basins, they discharge minimum volumes of but 50 to 
100 second-feet" (Wilson, 1899). In time of flood, however, they attain 
maximum discharges of nearly 10,000 to 20,000 second-feet, almost equal 
to that of the maximum of the larger northward-flowing streams. In the 
drier season of the year, during the months of January and Februarv, 
even the larger streams of the southern coast do not flow through on the 
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I'erhaps brief mention should be made of the coarse wash from the hill- 
Hides ill the southeast and southwest corners of the island. This consti- 
tutes very local features, although similar deposits were observed along 
the northern margin of the Boqueron-Yauco Valley. Deposits of this 
type occupy a position intermediate between talus accumulations and true 
alluvial fans. 

Terraces are almost universal features along the Porto Bico rivers. 
Even well upstream, sometimes actually in the headwater portions, allu- 
vial deposits occur. Except on tlie broad plains near their mouths th^ 
streams are now cutting well below the original surface of the alluvium. 
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The resulting terraces are occasionally 100 feet or so above the stream. 
The terraces of the Plata River may be cited as a striking example (Fig. 
25). Just at the mouth of the gorge (near K 13 on the Comerio road), 
where the river emerges from its course through the upland, they may be 
easily visited. Their elevation above aealevel is about 390 feet, some 100 
feet above the surface of the river. Their surface apparently slopes down- 
stream and becomes continuous with that of the alluvial deposita of the 
north coast. In the alluvial-covered Caguas lowland terraces are com- 
mon features. Perhaps the finest are those along the Gurabo Biver. 




Mi>st of the flood-plain surface of this lowland is out of reach of any 
))resent-clay floods and seems to record an earlier period of more active 
deposition. 

AH the Ktrewms entering the east coast have broad flood plains which 
grade u|)str(;ain into high alluvial terraces. This is true of the Fajardo, 
the Rio Blanco, and the Humacao. Some of the best-formed terraces on 
the island were seen along Pena Pobre Creek, a tributary to the Rio 
Blanco above its main flood plain (Fig. 26). 

The terraces of the Coamo River and its branches, on the south side of 
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the island, are more readily observed than those of most of the other 
streams in Porto Rico. East of Coamo the military road follows the 
Cuyon River, a valley deeply filled with alluvium, into which the stream 
is now incising itself. The town of Coamo stands upon a distinct terrace 
and the road from Coamo to Coamo Springs runs on the top of a terrace. 
At Coamo Springs Hotel several terraces may be seen. The lowest one, 
upon which the hotel is built, stands 100 feet or so above the river. Tlte 
main valley of the Coamo River above the town of Coamo is heavily filled 
with alluvium. In cutting into this material the stream has in several 
places superposed itself upon hard rock ledges and this has resulted in 
pronounced waterfalls. 

The steep gradient attained by the alluvial deposits on the south side 
of Porto Rico may be appreciated by the fact that in the upjKr valley of 
the Juoyes River, less than three miles back from the coast, the [surface of 
the alluvium which fills the subsequent valley behind the Coamo limestone 




ridge stands almost 500 feet above scali'vd. The ^^lopo seaward is sufTi- 
ciently pronounced to be detected by the eve, though it is difficult to read 
with an ordinary clinometer, since it amounts to only one or two degre«!s. 
The upper branches of the Jueyes River have cut down very deeply into 
this alluvium, producin;: in places miniature canyons, which are distinct 
hindrances to cross-country travel. The upper course of the Guanajibo 
between San German and Sabana Grande and the Rio Blanco east of 
Afiaseo provide examples of terraces in the western part of the island. 

The smallest, but in some ways the most striking, of the alluvial de- 
posits of Porto Rico are those clogging the short, open valleys in the 
southeast corner of the i.-^land between Maunabo and Yabucoa. These 
valleys head back only a mile, or even losS, from the coast and are sepa- 
rated by headlands subject to wave attack. The surface of the alluvium 
is exceedingly steep and is now only in the initial stage of dissection. 
Along the sphere these deposits are terminated by low cliffs 20 feet or so 
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in height, which are usually fringed with a narrow beach. The alluvium 
is entirely the result of wash from the granite hills, whose slopes are cov- 
ered with a very deep residual soil, granular in texture, but so firmly held 
together by its lime content as to be extremely brittle and ringing like 
cast iron under the hammer. The walls of the streams in the alluvium, 
like the sides of the gullies in the granitic soil, maintain an almost vertical 
attitude. 

Two explanations may be offered for the development of terraces in 
Porto Rico, which, however, are not incompatible with each other. The 
first one suggests that the recent slight uplift of the island rejuvenated 
the streams and caused them to incise themselves below the flood deposits 
formerly laid down. The evidence of uplift, to be presented later, hardly 
justifies assumption of an uplift greater than 20 to 30 feet, and this is 
insufficient to account for the high terraces everywhere observed. Ac- 
cording to the second explanation, the streams of Porto Rico have changed 
in general from aggrading streams to degrading streams, without neces- 
sarily any change in the relative position of land and sea. In the streams 
of New England such a condition is recognized. During the end of 
glacial time the rivers were heavily charged with debris and accordingly 
filled their channels with alluvium. But when the ice-sheets ceased to 
provide material for the streams to carry, their preglacial vigor was re- 
gained and terraces were fprmed as they cut down into the alluvium. We 
do not know just what causes may have contributed to the earlier over- 
loading of the Poi-to Rico rivers. It is not unreasonable to think, how- 
ever, that during glacial time climatic conditions in Porto Rico were 
different from those of the present. Not that any glaciers existed there, 
for there is no evidence of this, but it is conceivable that a heavier rain- 
fall prevailed. Such a climatic condition is thought to have accounted 
for the ancient Lake Bonneville in Utah. In Porto Rico a prolonged 
period of heavy rains, though adding to the actual volume, would at the 
same time overload the streams with sediment. The rapid run-off makes 
almost every drop of rain that falls an active erosional agent, and because 
the effectiveness of the erosion is not in direct proportion to the run-off, 
but increases at a much greater rate, the tendency is therefore toward an 
overloaded condition of the streams below the steeper headwater portions. 
Increase of rainfall at the end of the glacial period would therefore add 
greatly to the load of the streams and cause aggrading of their courses 
where the slopes were modest. With the dying-out of these conditions 
degrading would again come into play until the stream profile prior to 
glacial times was restored. Terraces thus formed would grade into the 
present flood plains of the lower river courses. 
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Wave asd Wind Wohk 

cape sax juan rcoion' 

Wave attack on Porto Kico lias been much more effective on the nortb 
than on the south coa^t. In brief, it may l>e said tliat wave action ha.^ 
resulted in tlie development of marine cliffs throughout much of the 
northern loa.'^tal plain region, bay bars and cliffed headlaiuls in th-,- 
drowned olilland portioD of the eai-t and west eoaets, barrier beaches and 
the ccm^ilidatLon of aand dunes to form the so-called San Juan furmatioii 
on the north coawt. It is believetl that the subject can be liest prejieiitcil 
by means of a n-giunal description. 




(OAST OF TIIK CAl'K SAX JCAX ItBtldX 

The loiisi of I'orlo Itiou U'tweeii I.uqulllo and Cape San .Tuan in;iy W 
docrilii'd as a shureline of sulimfrgeiRe in the sulimature stage of di'Vrl- 
opnieiit. Till" headlands havp liei'n ait hack, liars have bi'eii hnilt iut">- 
till' hays, and the i-mituur of the coast line is becoming appnixiniatrly 
straight. -Many cf llie hays have hwti entirely Idled with alluvium; 
others remain as open liigimns. .V skctili map of the region (Fig. 2Tk 
hnse<l on a rongh Held sketeb. is serviceable in indicating the salient fert- 
tnres. Tlie siieeessive buihling of bars nearer the mouths of the bays s.. 
lis to funn a sucecssiui. of lagonii, i> well shown [n YegU;l Cove. .Mrcadv 
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two bars have been built near its head, thus forming two lagoons, and at 
the present time a third bar is forming across its mouth. The cliffing of the 
headlands, in sympathy with the successive bars which are strung across 
between them, is a feature frequently observed, and is especially notable 
at Point San Diego, Attention has already been called to the fact that thf 
bays receiving the larger streams have been completely filled with allu- 
vium, whereas on Cape San Juan peninsula, where the streams are small. 
open lagoons still remain. Most of the beaches show interesting minor 
features in the form of tidal fleltas either built out into the lagoon, as at 
Luquiilo ( Fig. S8), or almost buried under the later deposits of alluvium. 




Beach ridges are common in this region. Just west of LuquQIo at least 
ten parallel ridges were counted, each having a height of about five feet 
above the intervening swales. These ridges are extremely difficult sub- 
jects to bring out clearly in a photograph. The succession of parallel 
ridges shows that the coast line has advanced seaward. Just offshore the 
water is extremely shallow. At low tide, although the range in water 
level does not amount to more than one or two feet, considerable areas of 
tidal flats are exposed, such as may he seen just east of Point Emlmrca- 
deros (Fig. 29). 

Wave action upon the headlands senea to emphasize the system of 
joints which are so well developed in the oldland rocks, especially in this 
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imrtlna.-ioni lonicr of Purto Rko. IkTe, as on CQk'hra and its uoar-bv 
ii-laiul.'^, the cliffs are featured by sharp clefts along the proniiucni joints 
uliii'li ill p'lK'rnl ticml in u inii'thea.st ilirectiuii (Fig. 3i)). 
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EAST COAST 

The long, palm-fringed beachee strung between the headlands of the 
east coast constitute one of the moat picturesque features of this part of 
the island. The former bay or lagoon cut oft from the sea by the beaches 
has in most cases become filled with alluvium, and the extensive flat tracts 
or playas which result have already been described. They constitute the 
great and fertile sugar lands of the island. In general, the beaches are 
made up of a succession of obscure ridges and are covered with groves of 
cocoanut trees, which in a distant view contrast strikingly with the cane 
lands behind them. The promontories are always undergoing wave at- 
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tack. Occasionally older cliffs may be seen, now protected by a tract of 
sandy beach. 

The smaller streams flowing upon the playas, especially during low 
stages, find their outlets to the sea blocked by the bars just described, but 
the larger etrearas are able to maintain an opening through them. All 
of the water-courses bring down much fine material which, if it is carried 
out in front of the bar, serves as a supply for the storm waves when they 
come to throw up another beach. Occasionally, when the supply of allu- 
vium is excessive, or the waves and currents are not sufficiently vigorous 
to dispose of the material carried through the bar, it ia dropped to form 
a delta. This is the case at the mouth of the Fajardo River, as is readily 



a[tprmiit«d l>j- &ii observer on otii; of the liilU ovi?rlookin;i FnJHrtlol 
Ihif. AbKiiiloiK-d m»rint^ ditT.i stand back frooi the sbore in Hoe wiib tfar 
original bar. The lini'st of the east coaet beaches are those built acroK 
thp vhIIcja of tlie Blaiifo. Ifuinacao. ami Yabiu-on rivt-r*. 
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Along tlie »outh coast liie waves beat with far less ligwr than Uicy ih 
on the nortii ut c«st uoaati^. wbeiv tiwy an- impcllfd by tiie steady And 
powerful uorthcagt trade wiude. East of Uuayama the headiauds are still 
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being attacked, and the small alluvial fillings already described are being 
cut away ; hut between Guayama and Ponce the transition from land to 
sea floor is a most gradual one and only rarely, as south of Guayama, are 
the modern waves clifBng the stream-laid gravels of the extensive flood 
plains. West of Guayama practically no cliRing occurs, but there are 
occasional places where insignificant shore bars have been thrown op. 
The mangrove-covered fiats, known as the Caribes Islands (Fig. 31), ap- 
pear to have such an origin, and the lagoon lying back of them, known as 
Jobos Harbor, is exceedingly shallow. It is similar in origin to the La- 
guiia do Las Mareas. Most of the coast, however, exhibits no features 
which can be ascribed to wave action. The alluvium brought down by 
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the streams seema to be pushing the shore line seaward against the in- 
effectual attack of the weak waves. 

West of Ponce fewer large streams enter the aea; none at all in the 
southwest portion of the coast beyond Gnanica. The low remnants of the 
Tertiary coastal plain are cliffed seaward (Fig. 33). The bench offshore 
is exceedingly shallow for several miles and the waves which reach the 
land are consequently very weak. Coral colonies apparently isolated pro- 
vide material which has been thrown up to form low reefs, barely coming 
to the water's surface. 
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In the vicinity of Cape Rojo the work of the modern waves may be 
seen in the delicate tracery of beaches connecting two groups of islands 
with each other and with the mainland. The lagoons thus cut off can 
best be described as shallow salt flats and are usually known as Salinas. 
These natural evaporating basins have been somewhat improved by arti- 
ficial methods, and represent one of the three important sources of crude 
salt now shipped from the tropics. The block diagram of the region 
(Fig. 5) presents the aspect of the two complex tombolos. 
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WEST COAST 

The irregularis conMqnent upon the 
droiniing of ihe west oout of Porto Rico 
hts been destroyed hy the developmeiit of 
beaches and the filling of the bays. Occa- 
Bi<Hial lagoons still renuun, as at Lake Jc^- 
ada. The beaches customarily reveal their 
stages of deTelopment by parallel ridges, t 
feature well marlced between Point Gnana- 
jibo and Mayaguez. Aa a whole, the woik 
' of the wares along the west coast has pro- 
duced effects similar to those along the eart 
coast, but clifBng of headlands has been modi 
less pronounced. 

KOBTH COIST 

The north coast tnm Agnadllla to Camny 
is characterized by. marine cliffs, averaging 
over 200 feet in height, cut in the limestone 
coastal plain. Considerable stretches of 
ilR'se c-lills, however, notably to the west of 
Istttit'la, nri' no lunger subject to wave attatk. 
owing to tlic protecting beaclies built in 
Iruiit of them, in places to a width of oiie- 
<|itarier to one-third of a mile (Fig. 33). A 
prott'ctinf! beach in front of a marine cliff is 
a normal feature in the process of wave ero- 
.-'ion along a steep coast It represent.^ a 
ti'nipt)rary reversal of conditions from Ibos* 
favoring cutting to those favoring de[K>sitioii 
iuui h <|itite analogous to similar altematious 
in the life of a stream. 

The extent to which tJie sea has cut back 
into the Tertiary coastal plain may be csti- 
nnifed by onrrying the slope of the plain sur- 
fnw .seaward until it m<'et8 sealevel. With 
a slope of V/s degrees, the distance is ap- 
[iroxinintely two miles. It must be rcnicm- 
liered thai the ontir thin edge of the wedge 
was i-asilv nnioverl, and it may also be as- 
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sumed that cutting has been long active and was going on before the 
period of submergence. Fig. 34 provides two profiles from this part of 
the coast The one through Isabela does not need any especial explana- 
tion beyond what has just been said. The other profile, through Quebra- 
dillas, seems to be anomalous, in that the continuation of the slope of the 
coastal plain surface meets the sea even beyond the edge of the narrow 
continental shelf. Two interpretations are possibly : first, the dip of the 
strata is steeper than the slope of the plain surface. If the normal dip 
of the beds instead of the slope of the plain surface be continued seaward 
from the cliff, assuming that this is approximately the top of the series, 
scale vel is reached less than a mile from shore and within the limiLs of 
the continental shelf; second, faulting may have taken place at the edge 
of the continental shelf, so that the Tertiary coastal plain was broken off 
during uplift. The apparent marine bench, shown in the profile near 
Quebradillas, standing at an elevation of 150 to 200 feet, has already 
been explained as being due to differential erosion along bedding planes. 

East of Camuv most of the north coast is low and bordered with alhi- 
vial deposits. Fringing the shore is a chain of sand dunes exhibiting all 
stages of consolidation and dissection and in part constituting the San 
Juan formation about to be described. These sand deposits frequently 
hold the position of barrier beaches, in which case they have behind them 
marshy lagoons or open bodies of water. This is the explanation of Lake 
Tortuguero near Manati, San Juan Harbor, and the smaller lakes of S:in 
Jose, Cangrejos, and Piiionos to the east. 

The prevailing drift of the wati?r alonir the north coast is toward the 
west, as a result of the strong trade winds from the northeast. In the 
coves between the minor promontories formed by remnants of the San 
Juan formation secondary eddy currents are developed. These affect the 
bars at the mouths of streams and serve to deflect the stream outlets to- 
ward the east. In Fig. 35 several sketch maps illustrate this tendency 
in the case of the Bayamon and Cocal rivers and San Fernando Creek 
near San Juan, and of the Arecibo, Manati, and Cibuco rivers further 
west. In each instance the mouth of the stream is diverted eastward. 

THE SAN JUAX FORMATION 

This interesting formation occurs only along the north coast of Porto 
Rico, and is described by Berkey as a series of solidified or fossil sand 
dunes dating from the Pleistocene. At San Juan city, which is built 
upon the formation, its elevation is 100 feet above sealevel. Nowhere 
else does it rise to quite this height. Almost everywhere associated with 
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the solidified dunes are other dunes of loose sand now formiiig. Even 
tlieHe unquestionably very recent dunes show tendency toward solidifics- 
tion. Therefore, it is difficult to draw a sharp line between the two types 
of dunes and, in the opinion of the present writer, there has been an unin- 
terrupted process of dune formation. In a bold way the San Juan forma 
tiou may be pictured as occupying the position of a broken barrier reef 




Fig. 35. — River mouthn of the north voant 
Showing the effect of secondary eddy currents In diverting the rivers toward the east. 

aloii;^^ tlu' iiortli coast, continuing eastward in tlie Cordilleras Reefs, an<l 
fin<liiit,^ its easternmo.st expression in a small mass just off the northwest 
corner of Culebra Island. Behind the barrier there is usually a marshv . 
lagoon or open body of water, but occasionally the dunes rest direetlv 
upon the mainland. The cross-bedded structure is almost everywhere a 
]»ronounced feature. In addition there are two or three other features 
of uni^|U«* character which apparently demand special explanation. 
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The first of these exceptional features is to be noted in the cliff of the 
San Juan formation immediately east of Arecibo. This cliff faces toward 
the south and overlooks the broad flood plain of the Arecibo River. The 
cliff face shows the strikingly cross-bedded structure with steep dips 
characteristic of the San Juan formation; but it shows also a series of 
horizontal lines crossing the structure, but in no way interfering with it. 
This unique feature Berkey has suggested was induced by the gradual 
submergence of the sand dune after formation. He therefore associates 
it with the oscillation of the coast line believed to have occurred recently 
in the island's history. The cross-bedding is therefore to be considered 
the primary structure of the dunes and the horizontal lines a secondary 
matter. In addition to these horizontal consolidation lines, as they might 
be termed, there occurs a prominent horizontal layer of sand near the 
base of the cliff. This layer is unconsolidated and of course interrupts 
the cross-bedded structure which occurs above and below it. Inasmuch 
as neither of these two features — that is, neither the horizontal consoli- 
dation lines nor the intorruptin^T: horizontal layer of sand — is a feature 
to be noted elsewhere in the San Juan formation, it seems reasonable to 
believe that a local cause might furnish the necessary explanation. The 
Arecibo River, which flows not far from the base of tlie cliff, is a powerful 
stream and is subject to extreme oscillations of level. It is therefore sug- 
gested that the horizontal unconsolidated layer near the base of the ex- 
posed part of the formation represents a deposit of alluvium left hy the 
stream ujmn a part of the sand dune which it had truncated in its en- 
deavor to break through to the coast during heavy floods. The upper 
cross-bedded part of the formation represents the dune material built 
upon the alluvium when the river had subsided or altered its course to a 
different channel. The alluvial layer may therefore be considered a part 
of the river's flood plain upon which later dune-building has taken place. 

The secondary structure or horizontal consolidation lines occurring 
above this sandy layer may have been induced by subsequent rises in the 
level of the river so as partly to submerge the more recently built dunes. 
'This is a very probable event, for it is on record that the Arecibo River 
in heavy floods deeply submerges its flood plain. Such an event is aided 
by the very narrow outlet to the sea which the river now has between the 
continuous dune formation on either side. During the heavy floods of 
1896 much of the town of Arecibo was submerged, indicating a rise of 
20 to 30 feet at that time. A rise of 30 or 40 feet would account for 
practically all the phenomena now observed. It is to be noted, too, that 
the secondarv horizontal structure is to be observed onlv on the landward 

ft f 

side of the dune in rather close proximity to the river and adjacent to its 
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floDil plain. The coucluaion, then, regarding the secondary huri/uufal' 
structure is tliat it does not necessarily indicate a rise of sealcvel. As 
an altrrnatire explanation the rise of the river level in floods is oiteivd, 
aiid it is shown that such an event is a probable occurrence. 

Another nnique feature of the San Juan formation, and one which the 
writer has not seen described elsewhere, is the series of small terraci-.i 
occurring near sealevel and having characteristics which may be briefly 
mimraRrized as follows: 

■1. The terraces always occur within the range of present wave action. 

2. In appearance the terraces resemble those of the well-known Silatu- 
miith Hot Springs in Yellowstone Park. 

3. There is no order whatever in the arrauftement or size of tlic trrriii?**, 

4. The terraces have not been cut by tlie waves ; they have btvu funiivd 
by the precipitation of material around the rims of shallow basiDs g.x the 
w«ter overflowed. This material usually has a pinkish hue and may be 
eftsily distinguished from the granular sandstone of the formHtit.iii. 

5. The terraces are practically horizontal. 

6. The cross-bedding of the sandstone cuts across the terraces at all 
angles. 

T. Wliere irregular masses or blocks have fallen into the water, Hwy 
first nsannie a very jagged character, but as loose material is filled iu and 
cemented into the crevices, and as the water pouring in and oat precipi- 
tates Ume around the edges, gradually the sharp, angular forms give way 
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The firet three of these explanations would undoubtedly apply to the 
consolidation of the sand donee along the north coast and to the develop- 
ment of the terraces described. In addition to these explanations, it may 
be noted that spray from the waves is continually being blown inshore 
for hundreds of feet along the north coast of Porto Bico, so that the sea- 
ward side of the dunes is kept moist. The constant evaporation of this 
sea water and the liberation of carbon dioxide would encourage lithifica- 
tion, especially on the surface of the dunes. Invariably it is that portion 
of the dunes exposed to the ocean which is most thoroughly lithified. All 
degrees of lithification are to be noted, from that of a mere crust on the 




Shanrlng terri»B In the Tertlsrr coagtul pUIn wfalch reacmble In all reapecn thow 
foriDMl Id the Sad Juan (ormalloD. The mode ot origin la each caae 1b Bimllar to that 
ot Ihe lerracei of the Mammoth Hot Sprinfis. 

outside of a sand dune, kept moist by the spray from the waves, to that 
of a hard rock mass so firmly cemented and thoroughly infiltrated as 
apparently to have lost its original cross-bedded aspect. For this reason 
there appears to be no satisfactory means of distinguishing the earlii>r 
from the more recently formed dunes. 

The original definition of the San Juan formation as proposed by 
Berkey was meant to apply only to those consolidated dunes along the 
north coaet. Since then, however, other observers have extended the use 
of this term more or less subconsciously to cover all deposits of a con- 
solidated character or recent age. For instance, the thick coating of 
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niuolidtted beadi nutoul oonautiiig of conl heicb, bonldna, gniH 
ind afaelU GOTering the nplifted vara-cnt pUtfonn of DeMeheo Iiluid it 
xtiiTemetitl; spdten of u the Sin Jiun fonnatun. Idkawiae the haA 
>f coarse conaolidated nutorul fringiog the nntii nda of Mona Idaad^ 
md the slightly nplifted consolidated beach on Knortaa laland, call to 
nind the San Joan formation. The preaant writer ia in tmwar of apph- 
ng this term to all theae oocorrenoea. It is apparanUj impoaaibk to 
livide Hharply the Tery recent onea fnnn the older onea or the non-ctn- 
lolidated occorrencea from those completely lithified. "Sor doc* it aeoi 
expedient to separate thpee occnrrencea which are atrictly of dmw origa 
Irom those which constitate beaches, so intimately nr>< tlu'v attciorUiai ~ 
rtth each other. 

SUKIURT 

The San Juan fonnation may then be described as the ht-scli i 
md its associated dunes, consolidated or UDConsolidated, now nplifted ■ 
labmerged, which waa formed around the coast of Port'* Itim in i 
^logical time. The chain of islands forming the {Cordilleras Heett Tl 
ling eastward from Porto Rico toward Culebra may be considered ■ 
leries of dunes capping a wave-cut escarpment. T>ii-y were formed jl 
ibly durinp Ihe Pleistocene and partly submerged at tlii^ end of thp glac 
[KTii"). Tlicst' duiii's would be tbe earliest rcpre.-;.'iii:iti\^< nf Uic Saa 1 
Tuiui I'lirmiiriiin. Along the north coast of Porto Kico the bordering r 
sith tlicir cluiL's are essentially barrier beaches. Locally they are bong 
.'igoniusly cut nway by tht; waves, and in other places a tendency towd 
jonch wLilt'iiiiig scfms to prevail. Where the beaches and dnnos an 
anilergiiiiif: wave enisiun they commonly are strongly conaolidated. lUl 
s the case in the central and eastern part of the north coast. Wbere the 
}eaclics arc being widened by the addition of material seaward, tiie growth 
jf new (luni'S prevails and these in general are not so strongly consoti- 
lated. This is the case in the western extremity of the island, north of 
[saljtla. where jjrotecting beaches have been built along the coast at the 
jase of tlie earlier formed wavc-eut cliffs. Finally, included in the San 
Tiian fonnation, are the deposits of more or less consolidated beach ma- 
y-rial capping the uplifted beaches along the shores of Deaecheo, Mom, 
uid Muertos islands and at occa.sional points on the mainUnd, as, for 
nstaiice, on Rincon Point. 

Probable Very Eeckst Slight Emergence 

Several kinds of evidence have been noted by different observers favor- 
inw a recent entergoiice of Porto Bico and the smaller islands near by. A 
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study of the region &s well as a careful evaluation of the evidence col- 
lected by others lead to the coocluBiou that there has been a recent emer- 
gence of not more than 40 feet. Most of the evidence lies in the western 
half of the region and there is practically no evidence in the eastern part. 
Some of the evidence presented, indicating an uplift greater than that 
just mentioned, I believe to be invalid. In the following pages all of the 
lines of evidence are discussed. They may be essentially grouped as up- 




lifted beach deposits and terraces or benches. The beach deposits occur 
on Desecheo, Mona, and Muertos islands, and near Point Jiguero and 
other isolated localities on the mainland. The terraces or benches occur 
on Desecheo Island and near Quebradillas, Guayama, Point Jiguero, and 
Mayaguez on the mainland. 

Desecheo Island lies some twelve miles to the west of Point Jiguero 
and is formed entirely of older series rocks which have been truncated 
by a wave-cut platform now uplifted to a height of 20 feet above sealevol 
(Fig. 37), The term "uplift" is used because the common evidence in 
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all the West Indies favors a movement of the land rather than one of the 
sea. Marine benches and terraces lack a nniformitv of elevation in th« 
various islands. The bench on Desecheo intermittently rims the whok 
island, but is preserved to a greater width and in much better perfection 
on the south coast. There it may be as much as 100 yards wide, cutting 
sliarply across the upturned edges of the volcanic sediments and endini^ 
abruptly on its landward side against the steep hill slopes which are pre- 
sumably wave-cut cliffs. The platform dips seaward in all directions 
from tlie island and thus passes down gradually into the water. Th- 
surface of the platform is heavily coated with a thick deposit of consoli- 
dated beach material consisting of coral heads, boulders, gravel, and shells 
The coral heads appear occasionally to be in position, as though still at- 
taclicd to the places where tliey grew. The evidence which this island 
presents surpasses that noted elsewhere and would indicate a miuimmu 
uplift of 20 feet. 

Moiia Island is fifty miles to the southwest of Porto Rico. On its 
southern side is a platform several hundred yards wide in places. Its 
surfiu-c stands 10 feet or so above sealevel. The platform is composed 
ahnu<t riitircly of consolidati'd beach material consisting of coral heads 
and iiKKlcni shells. Its inner margin is made up largely of talus from 
thr linH'<t(»n«' clilTs, all thoroiiirhly t-cnicnttMl. The platform is every- 
whri".' luiuli' \\\) of this ln'trr(»*ren«M>iis material. Nowhere is it a rock 
}>l;itlnriii. \\> •»ut»*r inaririn, in the zone of water action, shows terracet 
like tliox- (lexTihed for tlie Sau .luaii formation. These terraces are not 
du«' to \va\«' (■u^in^^ hut to the deposititm of material around the edi^es 
of -hall(»\v .h'pn'ssioiis. Alon^ the southeast coast of Mona Island, a mik 
or two >outh i*\' the li^hthoust*, remnants of the former beach may be seen 
a«lherin«r to the lower portion of large talus blocks standing in the water 
at the f(.ot of tile clilTs. The blocks are as large as a two-story or three- 
vtorv hiiihlin;:. The presmee of heaeli material at their base indicates the 
e.\tr<'nie r«M(']i(V of uplift. The evideiiee on Mona Island favors a min:- 
niuiii u|>lift of ll\e to ten feet. It is errtaiu tliat tlio uplift Ihmv was h-s 
than that on l)«*seeheo. 

Frin.irin;: tlie nortii side «»f Miiertos Island, near Tonce, is a little h-dv^.' 
of fra.L^niental hraeii niat^-rial eonsi>tintr <d" siiells, coral heads, and lini»- 
stout' fra.trnients linnly cemented toirether (Fig. 38). It is only a fiw 
\ards wide an«l stands no\s some \\\r (.r six feet above sealevel. The e\i- 
«l«'inr hen- wouhl >u^^«:«'st an uplift appro.\iniatin»r that on Mona l>lan«!, 
hut \erv much less than that on l>esei:heo. 

Near Toint .ligiiero, lluhhanl report> linding consolidated sands ana 
Ln-a\eU with niodrrn eorals and i:a>trop<.d< resting upon the Tertiarv at 
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an elevation of 40 to 15 feet above sealeTel. A mile south of this point 
Hubbard reports similar gravels at 36 feet above sealeveL Near the light- 
house the same investigator found sand and gravels with modern shells 
resting on truncated rocks of the older series at an elevation of six to ten 
feet. This evidence would appear to favor an uplift in this locality of 
approximately 40 feet 

At other isolated localities uplifted beach material favors an uplift of 
12 tO' 15 feet. On Point Aguila, forming the southwest comer of Forto 
Rico, a more or less consolidated layer of shells and beach material rests 
upou the Tertiary at 10 to 15 feet above sealevel. Near Quebradillas, at 
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the mouth of a small canyon, a bench 15 feet above sealevel and about 50 
feet in width is developed upon the Tertiary limestone and is covered 
with consolidated gravels and coral heads apparently in place. The racTv. 
presence of the bench alone is not good evidence of uplift. Differential 
erosion commonly results in the development of benches in the almost 
horizontal Tertiary rocks. Near Barceloneta modem shells and large 
coral heads occur in consolidated gravels at 12 feet above sealevel. 

In the search for uplifted beach material on Porto Rico the investi- 
gator must guard against mistaking the numerous occurrences of Indian 
shell heaps for natural deposits. Usually in these cases fragments of 
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pottery and other criteria, audli as black soil, indicatiTe of f onner camp 
sites, will rereal the true origiii. Such shell heaps were noted near Biii- 
coiiy Coamo Springs, and on Yieqaes. 

The splendid example on Desecheo Island of a marine bench niriKftei 
20 feet above sealerel has already been described. Near QndyradiDss 
there is a pronounced terrace (Fig. 16) along the coasty having an eleii- 
tion of 180 feet above sealevel and a width of one-quarter to one-third d 
a mile. This terrace is developed upon the almost horizontal Twtisr7 
limestone and it is strongly suggestive of wave planation. The questifla 
of its origin, however, has been discussed, and it was pointed out that die 
terrace is due to the differential erosion of the limestone along the bed- 
ding planes. In this region the surface of the coastal plain consiBtB ol 
groups of haystack hills separated by intervening flat areas. It happeu 
that at just this point the present waves have cut back to one of the 
'^flats/' and thus an uplifted marine-cut terrace is simulated. 

Part of the town of Guayama is built upon rock terraces, which ap- 
parently stand slightly above the alluvium deposits of the playas or flood 
plains. Berkey (1915, p. 48) has interpreted these as due to wiflTJn^ cfAr 
ting. A careful study of this locality, however, leads the present writer 
to the conclusion that their flat surfaces have been produced by the plan- 
ing action of the stream which deposited the alluvium, in this instance 
the Guamaiii River. The reasons for this belief may be briefly summed 
up as follows : 

1. The rock terraces lie in the mouth of the valley of the Guamsni 
Rivt^r and may be traced upstream between the valley walls. 

2. The surface of the terraces stands approximately at the same eleva- 
tion (180 feet) as the surface of the highest part of the alluvial plains 
and the slope of the two is practically identical. Much of the allnvitl 
plain has been recently cut away by the river. Those regions oonsistinjr 
of hard rock stand up now as terraces. 

3. Parts of the terraces are covered with angular gravel exactly like the 
material composing the alluvial fans. 

4. There is no cliffing of the mountain spurs back of the terraces. 

5. Flat rock surfaces of similar character are to be observed elsewhero, 
as along tlie lower course of the Jueyes River, so intimately related with 
the alluvial deposits as to leave no doubt that they were formed at the 
same time the alluvium was laid down. 

6. The rocks of the older series are so much decayed that in numerous 
places throughout Porto Rico they are being beveled across by the streams 
on their present flood plains. 

7. Similar truncating and planation of strata by streams at the point 
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where they emerge from a mountamoud area is to be noted in other parts 
of the world. For instance^ near Cody, Wyoming, where the Shoshone 
-Biver emerges from its canyon, there is a splendid terrace whose surface 
bevels across dipping strata. In this case no agent other than the river 
could have been operative. Similar conditions are to be noted in the 
Ortiz Mountains of New Mexico. The conclusion regarding the Quayama 
rock terraces is that they are river-cut and do not represent an uplifted 
marine bench. 

A small terrace occurs at Point Jiguero, its inner margin standing 
some 80 feet above sealevel. Because it holds a position near the mouth 
of a stream, somewhat similar to those at Guayama, it may have been 
formed in a similar way. Moreover, it is developed upon almost hori- 
zontal beds of Tertiary limestone, and the strong tendency toward the 
development of flat areas by differential erosion would somewhat favor 
such an explanation. Its position along the coast gives it the aspect of a 
marine-cut bench, but consideration of other factors just mentioned favors 
considering it as due to stream origin. 

Near the Reform School, just south of Mayaguez, a narrow bench, 
standing 12 to 15 feet above sealevel, can apparently be ascribed to no 
origin other than that of wave planation. It truncates the older forma- 
tions, but a search did not reveal the presence of beach material. 

Most of the evidence cited would indicate an uplift less than 20 feet. 
Apparently the greatest uplift indicated is at Point Jiguero, where Hub- 
bard finds beach material as high as 35 to 40 feet above sealevel. The 
easternmost piece of evidence noted was on Muertos Island, 50 miles to 
the east of Point Jiguero, where the uplift was considerably under 10 
feet The eastern end of Porto Rico and the islands to the east nowhero 
revealed any indication of recent change of sealevel. The westernmost 
evidence was on Mona Island, some 50 miles west of Point Jiguero, 
where a modest uplift of 10 feet or so was indicated. Nowhere are there 
displayed series of terraces similar to the splendid examples featuring 
the coast of Cuba. 

BRIEF NOTES ON ADJACENT ISLANDS 

Desecheo 

• 

This small island, lying 12 miles to the west of Porto Rico, is almost 
circular in shape and has a diameter of about one mile. It is made up 
entirely of older series rocks, striking almost east-west, but crossed by 
joint systems which in general run transverse to the structure. The little 
harbor providing a refuge on the south coast appears to be developed 
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along such a joint plane, to whidi i* dna alw the tbUoj in the hilU above. 
Around the baae of tlia iiland is ui 1^>Ufted nrfrmt plfttfomt sod betdi, 
tuTing its inner nurgin SO feet abore iMUeTd. Tbia hu been daeeribed 
in the preceding pages and is iUnatrated in Fig. 37, whicfa also ahom a 
part of the email harbor and the ralley above. 

No flowing streams are to be fomid on the ialaud. The eztianely in 
conditions favor an eztenaive growth of cactu, althon^ a forest of 
medium-sized trees covers many of the slopes. A brief but interastii^ 




Fta. 31),— Sail coa*t of JfoM Iilantf 
Rliowlng Its plateau ebkracter anit some ot tbe cmTn which boneycoiab It. 

accnutit of the vegetation of the island has been given by Dr. Jf. L. 
Britton (19H). 

MONA 

Moiia Island, JO miles to the southwest, is not within sight of Porto 
Bico except from the higher sunimitf!, and it then appears as a low h&ze 
on the liortzon. This island, as well as its little neighbor, Monita Island, 
is a remnant of the Tertiary, having an almost horizontal surface, which 
ends abruptly on all sides in clifTs 150 to 200 feet above the sea. Though. 
in general, circular in shape, its outline is angular, a feature due to the 
jointing which divides the limestone into large blocks. The entire iaiand 
is lit*;rally honeycombed with caves (Fig. 39). These are developed in 
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one of the more soluble limestone layers outcropping about 75 feet above 
the sea and form one of the important sources of guano in the Porto Sico 
district. Along the southwest coast there appears good evidence of recent 
uplift in the narrow platform at the base of the cliffs. It stands 10 feet 
or so above sealevel, has a width of several hundred yards^ and consists 
of consolidated beach material containing coral heads and modem shells. 
The inner margin of the platform is made up of talus from the limestone 
cliffs, thoroughly cemented. The outer margin, in the zone of wave 
activity, shows terraces at the water level like those described for the 
San Juan formation. Along the southeast coast, a mile or two south of 
the lighthouse, remnants of the former beach still appear adhering to the 
base of large talus blocks standing in the water at the foot of the cliffs. 

There is practically no soil on the island, and passage over the top of 
the plateau is arduous in the extreme on account of the sharp and jagged 
surface of the limestone and the abundant growth of cactus. The only 
water is that from the rain which accumulates in the slight irregularities 
on the surface of the rock. Over this forbidding country there roam 
small herds of wild goats, cattle, and pigs which have escaped from do- 
mestication and have taken on characteristics in keeping with the harsh 
conditions of life to which they are now subjected. For instance, the pigs 
have apparently reverted to a type of boar. Prominent tusks, two or 
three inches long, were noted on one which had been captured. The 
animal is so vicious that the natives always carry their lon^, sharp 
machetes for self -protect ion. Besides the lighthouse, a small temporary 
camp is located on the island for the workmen who are employed in re- 
moving the guano from the caves. These people supply themselves with 
fresh meat by hunting, a wild goat or two being the usual result of their 
efforts. 

Vieques 

The narrow channel between Vieques and the eastern coast of Porto 
Hico is nowhere more than 60 feet in depth and in general is a great deal 
less. This island, like Culebra, was presumably separated from the main- 
land as a result of submergence. It is low-lying and is made up mainly 
of the oldland rocks. These are flanked on the east end and south side 
by remnants of the Tertiary coastal plain. A well-formed cuesta has been 
developed, and the subsequent drowning of the island has permitted the 
sea to enter the inner lowland at several places along the south coast. 
Some facts regarding the Tertiary coastal plain have already been given. 
The accompanying diagram (Fig. 40) is a sketch drawn looking south 
from near Culebra Island and conveys a fair idea of the general aspect of 
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ViequM. Among the minor ftetnres of interest u« tht 
■IhiTul depodts dogging the nll^ on both the nutb 
■nd aoath tidfli, iMembling thoM nesr Tcgnaa Pnnt m 
the loutbeut oonier of Porto Bico. At PUjm Gnnde t 
gncefnl uid {Hctoraaqae beadi haa been timnm unMi 
cpne of the drowned btyi which haa not yat bean filled 
with allnTiam. The low headlands thnmi^Kmt tta 
coaat are being diffed b7 the wavea. 

In general the island is dry, as erideooed t^ tlm oov- 
nion ocdurenoe of caeto^ althon^ it is not at all hn- 
ren. The raiaing of cattle ia the moat importHit IbSw- 
try in the hilly parts, bnt the broad innar Itnriaad « 
the aonth side, as well as extensive traeta an tba Dof^ 
are devoted to the production of a 



I 



' Cdlsbia 

8 i 

i Culebra and its numeroos adjacent caya ia 

t I wholly by the oldland rocks, which an moderate^ 
"3 t folded, although no prevailing trend in the atm et u re 
J, ^ was noted. The salient features of the topography an 

% ^ (HI n trolled by erosion along strong joint systems, the 

^ t: major one running in a northwest-southeast direction 

^ " and a minor one almost transverse thereto. Great Har- 

i 5 bor and Flamingo Bay are valleys developed along the 

=^ i line of the major system and later drowned. This island 

d ^ exhibits the customary features due to drowning. Deep 

^ I bays indent its coast and numerous islets lie offshore. 

^ > The head of Flamingo Bay has been cut off from the sea 

by a beautiful beach, and owing to the small size and 

intermittent character of the. contribatary streams the 

lafoon is but slowly being filled with alluvium. 

Then; is now only a small settlement on this island, 
w]ii<li was formerly an important coaling station for the 
Tnited States Xavy. Dnir)-ing and the raising of cattle 
H[>[M.'ar to be the only industries. No sugar-cane is 
f:rown here. 
T' \- MuERToa 

The Calia de Muertos (Fig. 41), or the "box for the 
dead."' is a cofBn-shaped remnant of the Tertiary coastal 
plain lying offshore from Fonce. An islet at ita west 
end is made up of steeply tilted rocks of the older series. 
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Bharply planed across by s platform over which at one time the Tertiary 
beds undoubtedly extended. Along the south shore of the larger island 
the older rocks outcrop. Presumably the island consists of a base of old- 
land rocks capped by a layer of the coastal plain limestone 100 to 200 
feet thick. Apparently the presence of the more resistant old rocks at 
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tlw base has prevented the destruction of the island by the waves. The 
north shore is fringed with what appears to be an uplifted beach of con- 
soJidatwi limestone fragments, shells, and coral heads, now standing five 
to six fcot above sealevel (Fig. 38). 
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